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Sumar g 
n 
This report describes NBS work for NASA in suoport of NASA's Materials J f 
Processing in Space Program under KASA Government Order H-27954B (Properties 
of Electronic Materials) covering the period April 1, 1981 to March 31, 1982. 
[ This work i c  directed toward measurement of materials properties important 
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This work is being carried out in three independent tasks: 
Task 1. Surface Tensions and Their Variations with Temperature and 
Impurities 
Task 2. Convection during Unidirectional Solidification 
Task 3. heasurement of the High Temperature Thermc;~hysical Properties 
I ' Tungsten Group Liquids and Solids 
The results obtained f ~ r  each task are given in detailed summaries in the 
body of the report. Emphasis in Tasks 1 and 2 is on how the reduced gravity 
obtained in space flight can affect convection and solidification processes. 
Emphasis on Task 3 is toward development of techniques for thermodynamic 
measurements on reactive materials, requiring levitation and containerless 
processing. 
With the advent of the Space Shuttle, it may become feasible to exploit 
the unique microgravity environment of space flight to produce improved 
materials and improved measurements of important materials properties. In 
materials processing on earth, gravity frequently produces density-driven 
convection, thereby causing liquids to be stirred as they solidify. This 
stirring disturbs the quiescent boundary layer at the solidifying interface, 
and can be very undesirable if nearly perfect crystals are required. For 
example, it creates interface instabilities, introduces segregation of 
components and produces crystal defects in the resulting solid material. 
These defects and inhomogeneities, which are particularly troub1.-3ome in 
electronic technology and other advanced technical applications, might 
be avoided in materials produced under microgravity conditions. 
In Task 1, surface tension and surface segregation effects are being 
investigated to determine the possible influence of these surface effects on 
convection and solidification processes. 
Even if gravity-driven convection is small, important convection effects 
still may arise from other sources. For excmple, convection can be produced 
by surface tension gradients. The variation of surface tension with temperature 
and composition often is not known, even for important technological materials 
such as silicon. NBS currently is making surface tension measurements on 
materials considered for space flight experiments. In addition, as part of 
this work segregation of impurities to the liquid surfaces is being investigated. 
Initial measurements were on gallium and gallium-tin alloys, selected as 
model materials useful for studying Marangoni convection and liquid metal 
surface effects at moderate temperatures. 
The surface segregation studies that are being made include one of the 
first applications of Auger analysis techniques to liquid metals. These 
techniques have been very successful in producing informative results. 
segregation effects were found in measurements on liquid metal 
surfaces. This segregation significantly affects surface tensions. 
and by experiments. The experiments are designed to test the theories and 3 
provide quantitative data on cowection processes on earth. Direct measure- :# :g 
ments of convection are being made during unidirectional so1idif:cation ~f 
transparent materials, particularly succinonitrile containing small amounts 
of ethanol. The theoretical calculations specifically include determinations f 
i of the effects a reduction in gravitational force will have on convection. ; 
~ ; 
a Interactions between temperature gradients and composition gradients 1 
r :  
can make it impossible to avoid solutal convection during materials processing 
on earth. Since this type of convection depends on gravity, its effects will 
- 
- be much less pronounced in space. NBS work is directed toward provision of 
measurements and development of models to define the conditions under which 
this type of convection will be important and determine how it can be avoided 
or controlled. 
In Task 3, assistance is being provided to a joint project involving 
investigators from Rice University (Prof. J. Margrave) and General Electric 
Co. (Dr. R. T. Frost) in which a General Electric electromagnetic levitation 
facility is being applied to develop levitation/drop calorimetry techniques 
and determine their possibilities and limitations. Measurements of the 
specific heat of liquid tbngaten un~ontaminated by reaction with container 
walls currently is being pursued in earth's gravity experiments. Several 
aspects of the techniques being developed should also be useful for space 
< 2 
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. . flight experiments. 
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Task 1 
The Measurement of Surface Tensions and 
Their Variatioa with Temperature and Concentration 
S. C. Hardy 
Metallurgy Division 
Center for Materials Science 
and 
J. Fine 
Surface Science Division 
Center for Chemical Physics 
Summary 
A series of Ga-Sn liquid al?-oys has been studied by Auger electron 
spectroscopy. The Sn tras found to be stronr,ly adsorbed at the surface. 
Calcuiations of surface concentrations from the Auger measurements are shown 
t o  be substantially in agreement with surface concentrations deduced from 
thermcl lynamic data. This result supports the monolayer model of surface 
adsorption for the Ga-Sn system. 
Preceding page blank 
Introduction 
Components of a bulk liquid phase which have low intrinsic surface 
tensions will preferentially segregate at free surfaces. Although the 
thernodynamics of this surface adsorption phenomenon was developed by Gibbs 
over a hundred years ago, many questions remain unanswered about details of 
the process such as the distribution of the adsorbed species in the surface 
region and the interactions between coadsorbing species. Adsorption can in 
son:* situations result in large surface tension gradients which gereratr: 
fluid flow. These "Marangoni" lows are the dominant type in low gravity. 
The study of adsorption at liquid surfaces is currently an active field 
of research with a long history. There have been almost no applications of 
modern surface analysis techniques to liquids, however, although there would 
appear to be no fundamental impediment to such studies for low vapor pressure 
and melting point materials. Perhaps the oldest and most widely used of the 
new surface analysis techniques is Auger electron spectroscopy, yet we knew 
of only two previo~.; applications to liquids [1,2]. Both of t Lse were 
attempts to measure the surface segregatim in binary alloy systems. A 
related technique, electron energy loss spectroscopy, has r,,zntl. been used 
to study the oxidation of liquid Sn surfaces [ 3 ] .  
During the past contract year, we have been studying surface segregation 
in liquid G; -Sn alloys using Auger spectroscopy. This system was chosen for 
study because of the low vapor pressures and melting points of its components 
and because surface tension measurements in the literature indicated a 
strong adscrption of Sn at the inzerface [ 4 ] .  Furthermore, the combination 
of Ga and Sn is interesting frnm a surface characterization point of view 
since Auger eldctrons cover a w s  e energy range for this system: Ga tlas 
prominer~t lines at 55 e.v. and 1070 e.v. and 3n at 430 e.v. The escape 
depth f o r  the  Auger el.ectrons va r i e s  from approximately one t o  s i x  monolayers 
over t h i s  energy range. Thus the l i qu id  composition can be sampled t o  
d i f f e r e n t  depths i n t o  the bu.Lk. The primary object ive of t h i s  work is t o  
see  i f  the  surface concentrations of the a l l oy  components deduced from the  
Auger measurements a r e  i n  agreement with those deduced from the  surface 
tension data .  Such agreement would support the r e s u l t s  of the  Auger deter-  
mination of surface concentrations i n  other  a l l o y  systems f o r  which good 
thermodynamic measurements a r e  unavailable.  
Experimental 
A de ta i l ed  descr ip t ion  of t he  equipmerit we use has been given i n  a 
previous repor t  [ 5 ] .  Brief ly ,  the  Auger spectrometer is  a conventional 
single-pass cy l ind r i ca l  mirrcr  analyzer system (C 1) with a coaxial  ~ l e c t r o n  
gun. The CMA i s  mounted ver t i . ca l ly  so  t h a t  i t  can be focused on the  to2 
surface of a s e s s i l e  drop sample. The e lec t ron  beam used t o  exc i t e  t he  
Auger e lec t rons  has a diameter of about 3 urn and can be ras te red  t o  form a 
video image of the  drop surface.  Auger da ta  is acquired i n  an analog mode 
using f i r s t  der iva t ive  spec t r a l  display. The base of the  sessile drop is 
contained i n  an alumina cup which i s  cl~.mped to  a simple hot s tage  mounted 
on the  ro t a t ab l e  platform of a horizontal  manipulator. Four drops a r e  
accolnodated by the  hot s tage and can be successively brought i n to  pos i t ion  
f o r  ana lys i s  by ro ta t ion .  E i e c t r i c a l  contact  t o  t he  drops is made with f i n e  
W wire probes which a r e  insulated from the  hot fitage. The temperature is 
monitored by a chromel-alumel thermocouple spot welded t o  the  top of the  hot 
s tage.  The drop temperature was coupared with the temperature of the  hot 
s t age  by in se r t i ng  a W-Rh thermocuuple d i r e c t l y  i n t o  a drop i n  a ca l i b r a t i on  
experiment. In  subsequent work drop temperatures werr !ottrmincd from the  
reading of the  hot s tage  thermocouple using these ca l i b r a t i on  measurements, 
S e s s i l e  drops are formed by p l a c i n g  p i e c e s  of h igh p u r i t y  Sn and Ga of 
t h e  d e s i r e d  weight i n  t h e  cups and mel t ing them a f t e r  evacuat ion of t h e  
system. The s u r f a c e s  of t h e  drops a r e  covered i n i t i a l l y  by oxide l a y e r s  
wi th  h igh carbon contents .  Th i s  over i , . je r  of i m p u r i t i e s  is removed from t h e  
l i q u i d  s u r f a c e  by s p u t t e r i n g  w i t h  argon i o n s  [ 6 ] .  Although few r e s i d u a l  
i s l a n d s  of i m p u r i t i e s  may p e r s i s t  a f t e r  s p u t t e r i n g ,  t h e  s u r f a c e  a r e a  under : 
.. 
a n a l y s i s  i s  c l e a n ,  a t  l e a s t  t o  t h e  s e n s i i i v i t y  of Auger spectroscopy. Fcr 
- - 
accura te  measurements nf s u r f a c e  concen t ra t ions  i t  is necessary  t h a t  t h e  
s u r f a c e  be  impurity f r e e  s i n c e  t h e  Auger e l e c t r o n  i n t e n s i t i e s  can be s i g n i f i c a n t l y  
redi~ced by f r a c t i o n a l  monolayer coirerages. 
I n  our  i n i t i a l  measurement?. pure  Ga and pure  Sn sftmples were s t ~ ~ d i e d  
i n  o rde r  t o  e s t a b l i s h  t h e  r e l a t i v e  magnitudee of t h e  t h r e e  prominent buger 
l i n e s  of t h i s  a l l o y  system :.s a func t ion  of spect rometer  v a r i a b l e s .  I n  
subsequent work one of t h e  cups always conta ined a pure sample of e i t h e r  Ga 
o r  Sn. The spectrum o t  tYs standard was recorded be fore  and a f t e r  each 
a l l o y  ~ r o p  spectrun? t o  a l low normal iza t ion of t h e  Auger l i n e  i n t e n s i t i e s .  
The Sn Augcr spectrum, i n  a d d i t i o n  t o  t h e  s t r o n g  l i n e  st 430 e.v.,  
con ta ins  a broad, weak, l i n e  which over laps  t h e  low energy Ga l i n e  a t  55 
e.v.  By superpos i t ion  of s p e c t r a  from pure  Ga and Sn i t  was es t imated t h a t ,  
i n  an a l l o y  sample, t h i s  low energy f e a t u r e  of t h e  Sn Auger spectrum would 
i n c r e a s e  the  apparent  amplitude of t h e  55 e.v. Ga l i n e  by about 1.5% of t h e  
amplitude of the  observed 430 e.v. l i n e  f o r  thn: a l loy .  Thus, a s  a f i r s t  
approximation,  we have cor rec ted  t h e  35 e.v.  l i n e  by s u b s t r a c t i n g  t h i s  
amount, i . e . ,  0 
' ~ a ~  
= I - ,019 Isn. ' Here I0 and lo a r e  t h e  mehsured 
Gal Gal Sn . 
peik-to-peak l i n e  amplitudes a t  55 e.v. and 430 e . v .  and I i s  t h e  ad jus ted  
Ga, 
I 
amplitude. The c o r r e c t i o n  t o  t h e  low energy G a  l i n e  amplitude becomes 
important  a s  the  Sn concen t ra t ion  inc reases .  For xB = .70, where x : ~  is  Sn 
0 0 t h e  bulk atomic f rac t ion ,  .019 ISn = .43 ICa. A t  higher Sn concentration, 
t h e  law energy Sn f ea tu re  obscures t he  peaks of t he  Ga l i n e  making measure- 3 
ment impossible. Thus, t he  determination of the  amplitude of thz 55 e.v. Ca 
- 
l i n e  becomes i.lcreasingly d i f f i c u l t  a s  t he  bulk Sn concentration tncreases  3 I 
.a 
and w e  an t i c ipa t e  a consequent l o s s  of accuracy. A more e labora te  cor rec t ion  3 e 
-P I 
procedure which considered the  escape depth of the  Auger e lec t rons  and t h e  j 
. -. 
d i s r r i bu t ion  of Sn near the  sur face  gave e s s e n t i a l l y  the s a m e  resu l t ,  = a s  
-. 
t h i s  simple approach. 
In  Figure 1 we show the  r e s u l t s  of the  Auger measurements. The observed 
peak-to-peak L n e  amplitudes have been normalized using the observed amplitudes 
of the  corresponding l i n e s  i n  a pure unalloyed specimen under i d e n t i c a l  
conditions.  The amplitude of the 55 e.v. Ga l i n e  has been corrected using 
the procedure described above. This is the  basic  experimental da ta  which 
w i l l  be analyzed subsequently. 
Resultu and Discussiou 
a. Thermodynamic Data 
We wish t o  compare the sur face  concentrat ions estimated from the  Auger 
measurements with the  concentrations derived from surface tension measure- 
ments. This l a t t e r  ana lys i s  is made bas ica l ly  with the  Gibbs adsorption 
equation. The r e l a t i v e  adsorption r(B) of component A with respect  t o  A 
component B a t  the i n t e r f ace  is given by 
where a is the  thermodynamic a c t i v i t y ,  y is  the sur face  tension, T is the  
absolute  temperature, and R i s  the gas constant.  To ca lcu la te  the r e l a t i v e  
adsorpt ion t h e  s u r f a c e  t ens ion  is p l o t t e d  a s  a func t ion  of h a  and t h e  s l o p e  A 
is  measured along t h e  curve. I n  Figure  2 we show such a p l o t  f o r  Ga-Sn 
a l l o y s  a t  T = 623 K. This  d a t a  is from t h e  Russian work [4] and is in g e n e r a l  
agreement wi th  o t h e r  d a t a  in t h e  l i t e r a t u r e  and wi th  measurements i n  our 
l abora to ry  a t  several concentra t ions .  Although t h e  s lope  determinat ion is 
samewhat u n c e r t a i n  a t  low concen t ra t ions  where l lna  I is l a r g e ,  it is w e l l  Sn 
def ined over most of t h e  composition range. There is an  a n m a l o u s  i n c r e a s e  i n  
s u r f a c e  t ens ion  near  l n a  = - 0.55. This  corresponds t o  a bulk concen t ra t ion  Sn 
of Sn of 0.6 atomic f r a c t i o n .  S imi la r  f e a t u r e s  are seen in  s u r f a c e  t ens ion  
measurements i n  o t h e r  a l l o y  systems and are genera l ly  n o t  understood. We w i l l  
no t  a t t m p t  t o  c a l c u l a t e  adsorp t ion  near  t h i s  anomaly, but w i l l  simply ex t ra -  
p o l a t e  through t h i s  region.  Thc adsorp t ions  c a l c u l a t e d  from t h e  s l o p e  jn 
Figure  2 g i v e  t h e  number of excess Sn ~tcms near  t h e  l i q u i d  vapor in te r fpcc .  
I f  t h e s e  are considered t o  be confined t o  a s i n g l e  l a y e r  so t h a t  atomic f r a c t i o n s  
S S i n  t h e  monolayer, XSn abd XGa, can be def ined,  t h e  following expression f o r  
t h e  concentra t ion of Sn a t  t h e  s u r f a c e  is obtained [7]: 
Here a and s a r e  t h e  atomic areas of pure  Ga and 3n r e s p e c t i v e l y  and G a  Sn 
is t h e  bulk c o i ~ ~ e n t r a t i o n  of Sn (atomic f r a c t i o n ) .  The s u r f a c e  con- 
'sn 
c e n t r a t i o n  of Sn ca lcu la ted  us ing t n i s  monolayer model and t h e  d a t a  shown i n  
Figure  2 is shown i n  Figure 3. The Sn is seen t o  be s t rong ly  adsorbed a t t a i n i n g  
a concen t ra t ion  a t  t h e  s u r f a c e  of about 0.6 a t  a bulk concen t ra t ion  of 0.1. 
b. Surface  Concentrations from Auger Data 
The determinat ion of s u r f a c e  concen t ra t ions  irom measuramts  of Auger 
l i n e  amplitudes may be c a r r i e d  out  a t  s e v e r a l  l e v e l s  of approximation. In  a 
- -  _ -  I . I . . .  . ... ~ w 
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first approximation this is often done by equating the surface concentration 
S m 
with the normalized line amplitudes, i.e., Xsn = 1 ~ ~ 1 1 ~ ~  where ISn is the 
peak-to-peak line amplitude measured for pure Sn. Surface concentrations 
calculated in this approximation from our measurements are shown in Figure 4 * 9 
-3 
along with the concentrations deduced from thermodynamics shown previously 3 
a 
in Figure 3. We have converted the surface concentrations of Ga calculated 
i 
S : s -  
= 1 - Xsn - trom the Ga Auger data to Sn concentrations by compt~ting X Sn 
1 - l&/qa. The data shown in Figure 4 illustrate that surface concentrations 
calculated in this approximation become inaccurate as the electron energy 
increases. This deterioration in the approximation comes about because 
Auger electrons of higher energy escape the sample from significant depths 
and add a bulk component to the detected signal which obscures the fraction 
originating in the surface layer. Thus, it is necessary to account for this 
bulk contribution in order to measure surface concentrations. 
The Auger electron current from a component A of an alloy AB may be 
written as: 
where g is a geometrical factor, I is :he primary beam current, o is the 
P A 
ionization cross section , yA is a relaxation coefficient, RAB is the back- 
3 
scattering factor, C (z) is the concen~ration of A atoms/cm , z is the A 
distance from the surface in units of number of monolayers, and A is the 
inelastic mean free path for electrons in units of number of monolayers. 
The cose term is dependent on the geometry of the ar.alyzer and for our in- 
strument is 0.74. If the concentration C (2)  is considered to be uniform in A 
the bulk up to a surface layer of a different composition, an integration of 
the above equation and the analogous equation for pure A gives: 
3 S B 1 where N is the atomic density (atoms/cin ), L = 1-0.8, and XA and XA are the 
I f atomic fractions of A in the surface layer and in the bulk respectively. j The subscripts A and AB indicate pure material and alloy. Soiving for the 
3 surface concentration, 
.; I 
t 
- ? 
P IA AB /FAIA O0 - XAe B - ~ I L ~ ~  
i 
-1 /LAB 9 1 - e  
e N 
where we have written F = - RAB - - AB . Values for the atomic density 
A R~ N~ 
required to evaluate equation (5) can be calculated from the mass density. 
The backscattering factor and Auger electron mean free paths, however, are 
not so well known. The backscattering factor R describes the Auger electrons 
I 
which are generatei 5y the backscattered primary beam. R is a function of 
primary beam energy E Auger electron energy E, and the matrix. We have 
P ' 
t 
derived R values appropriate to Sn and Ga from recent 24onte Carlo calculations 
[8 ] .  This was done by plotting the R values found in the calculation as a 
function of reduced energy, U = E /E, for 9 = 31 (Ga) and Z = 50 (Zn). The 
P 
R values appropriate to our U could then be interpolated from the graphs. 
In Table 1 we give the values of R for Ga and Sn obtained in this way. For 
the alloys, the lackscattering factor was assumed to be directly proportional 
. . 
to the bulk concentration, i.e., 
The c r i t i c a l  f ac to r  i n  equation 5 is the  exponential  funct ion of the  
i n e l a s t i c  mean f r e e  path. Although there  have been severa l  measurements of 
t h i s  quant i ty  f o r  Sn [9,10], we do not know of any measurements f o r  Ga. The 
measurement of i n e l a s t i c  mean f r e e  paths  is d i f f i c u l t  and published values  
are o f t en  of uncertain accuracy. We w i l l ,  therefore ,  c a l cu l a t e  i n e l a s t i c  
mean f r e e  paths f o r  Ga and Sn using the  recent ly  developed theory of Szajman 
e t  a l .  [ l l ]  which seems t o  pred ic t  X accurately f o r  aluminum, a metal elec- 
d 
5 
t r on i ca l l y  s imi l a r  t o  Ga and Sn. I n  Figure 5 we show the  predicted X f 
." 
values  f o r  t he  case of Ga and Sn using t h i s  theory; we a l s o  show the  pred ic t ion  
2 
of t he  Seah and Dench [12] empir tcal  equation f o r  Sn and the  values measured i 
e ~ p e r ~ i e n t a l l y  a t two energies  [9,10]. The da ta  point  z t  430 e.v. w a s  taken 
from Seah's work in which hz deposited Sn on an Fe subs t r a t e  and measured 
the  change i n  Auger s igna l  with f i lm  thickness. We have adjusted h i s  da ta  
using backscat ter ing f a c t o r s  f o r  Sn and Fe ca lcu la ted  as 'd i scussed  earlier. 
This  r h i s  estimate of h by about 40% and br ings  h i s  measurement i n t o  
good agreement with the  pred ic t ions  of theory. The Szajman theory must 
become inaccurate  a t  low energies  because i t  does not  p r ed i c t  t he  minimum i n  ' 
t he  h vs. E curve a t  around 100 e.v. with the  s t rong rise a t  very low energies  
(< 10 e v . )  shown i n  t he  Seah and Dench compilation [12]. Lacking any 
rig@-nrrs method f o r  cor rec t ing  the Szajman theory i n  t h i s  region, we w i l l  
simply add the  empir ical ly  determined 5 3 8 1 ~ ~  term used by Seah and Dench. 
I n  Table 2 w e  l ist the  calculated h values  which we w i l l  use subsequently t o  3 
evaluate  the Auger da ta .  The A values  f o r  Ga and Sn a r e  near ly  the  same so  
w e  w i l l  use t h e i r  average f o r  a l l  a l l o y  compositions. 
c.  Ccmparison of Auger and Thermodynamic Data 
I n  Figure 6 we compare t he  sur face  concentrat ions ca lcu la ted  from 
tllermodynamics (curve) with t he  concentrat ions of Sn determined using 
the normalized Auger amplitudes, the backscattering factors, and the in- 
.--. 
e:.astic mean free paths of Tables 1 and 2 as inputs to equation (5). The 
filled circles are surface concentration obtained for the 430 e.v. Sn line. 
S The Ga surface concentration XGzas also calculated using the 55 e.v. Auger 
data. This was then converted to a surface concentration of Sn, i.e., = 
'~n 
S 1 - XGa. This data is shown in Figure 6 as open circles. In Figure 7 we 
have expanded the low concentration range of Figure 6 to better display the 
data. The one point which lies significantly off the wrve deterdned from 
thermodynamics is believed to be in error due to an impurity island momentarily 
drifting into the electron beam during analysis. The deviation of the two 
sets of data at high concentrations may indicate an inaccuracy in the 
thermodynamic analysis rather than the Auger data. This deviation occurs in 
the region containing the anomalous rise in the surface tension which made 
the determination of the relative adsorption difficult. - A loss in accuracy 
in the calcrllation of the surface concentration using the Sn data at 430 
e.v. is to be expected at high bulk concentrations of Sn because the A- 7er 
signal is predominantly from the bulk in this case. The soft Auger electron. 
data at 55 e.v. is increasingly uncertain at high Sn concentrations because 
the correction discussed earlier becomes large. The standard deviation of 
determined by Auger from the thermodynamically determined xS is about 
'~n Sn 
7% for the low energy electrons; this increases to 11% for the 430 e.v. 
data. The disagreement is surprisingly small considering the uncertainty of 
the factors entering into the evaluation. Better agreement with the thermo- 
dynamic xS could be obtained for the 430 e.v. measurement if a smaller A Sn 
were assumed. 
Summarl 
- 
The a n a l y s i s  of t h e  Augc: l i n e  a m p l i t u d e s  f o r  Ga-Sn a l l o y s  a t  350 'C 
shows t h a t  t h e  Sn is  s t r o n g l y  a d s o r b e d  a t  t h e  s u r f a c e .  Us ing  c a l c u l a t e d  
vaS u e s  f o r  t h e  i n e 1 ; l s t i c  mean f  rcc ~ i l t h  and t h e  b o c k s c a t t e r i n g  f a c t o r s  for  
t h e  Augcr c l c c t r o n s  p e r m i t s  t h e  d e t e r m i n a t i o n  o f  s u r f n c c  c o n c e n t r a t i o n s  
which ;ire i n  good a g r e e m e n t  w i t h  t h e  c o n c c n t r a  t i o n s  d e r i v e d  thermodynnmici1.l Ly 
from s u r f  ;ice t ensLon  meilsurements.  T h i s  iigrc.emcn t s u p p o r t s  t h c  vn l  i d i t y  of 
t h e  monuliiyer model. which c o n s i d e r s  all .  t h e  su r f : l ce  s c g r e g i ~ t c d  Sn &oms t o  
be i n  t h e  t o p  L s y c r .  Thc ; ~ p p r o a c h  used licrc t o  c e l c u l a t e  s u r f i l c e  c o n c e n t r a t i o n s  
7 
From Augcr mc; ls~lrcments  is gencr i l  L1.y ~ ~ s c f u  i. f o r  metn1.s which  Iinve a rclilt i v c  1.y 
s o T t  Auger e l c u t r u n .  I 
. 
Table 1. The backscattering factors for Ga and Sn interpolated from the 
calculations of Schimura and Shimizu [8] .  
Table 2. The inelastic mean free paths for Ga and Sn in monc:ayers 
calculated using the equation of Szajman and Leckey [ll]. 
E  I !< 
~n f 5 3 8 1 ~ ~  A Ca nvg. 
(e-v) (monolayers) : (monol9ers) (monolayers) (monolayers) 
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Fig. 2. The surface tension of Ga-Sn alloys y I 4 ]  as a function of the log of i' 
the thermodynamic activity aSn. 
1 
a 
1 
fraction 
Fig. 3. The surface con entration of tin xS as a function of the bulk 5 
concentration X determined from %e surface tension data and Sn 
equation 2. 
x (atomic f roctior l)  
Fig .  4 .  Comparison of x : ~  ahom i n  f igure  3 with X En \ ~ a l o t s  calculated from 
0 the Auger measurements i n  the approximation X - TYI/ISn. Sn - , . 
. - 
Fig. 5. The in el as ti^ mean free path for electrons X as i, functio~~ of electron 
energy E. 
8 X,,(atomic fraction) 
Fig. 6. The surface concentration xS calcul red using equation 5 as a 
function of :he bulk concen??ation X 8 The curve is the Sn' thermodynamically determined concentration variation shown in 
figure 3. 
s Fig. 7. An edpanded display of the surface concentration X a t  low values 
Of X ~ n .  
Sn 
Task 2 
Convection During Unidirect ional  So l id i f i ca t i on  
R. J. Schaefer and S. R. Cor ie l l  
Metallurgy Division 
Center fo r  Mater ia ls  Science 
and 
R. G. Rehm and G. B. McFadden 
Mathematical Ane?.ysis Division 
Center f o r  Applied Mathematics 
Sunnnary 
A t h e o r e t i c a l  model is presented of double d i f fu s ive  convection induced 
i n  a binary l i qu id  during c r y s t a l  growth. The in t e r f ace  between the  l i qu id  
and s o l i d  i s  assumed t o  remain f l a t  and the  c r y s t a l  is taken t o  grow a t  constant  
veloci ty .  ?%c nonlinear p a r t i a l  d i f f e r e n t i a l  equations of f l u i d  flow together  
wi th  equations f o r  temperature and concentration a r e  solved xr?merically. The 
numerical methods and some checks used t o  a sce r t a in  the v a l i d i t y  of the  methqas 
a r e  b r i e f l y  described, and sa sp l e  so lu t ions  a r e  presented and discussed. 
During d i r ec t i ona l  s o l i d i f i c a t i o n  of pure o r  ethanol-doped succ inon i t r i l e ,  
it was found t h a t  some convection of purely t;-:rmal o r ig in  was always present.  
I n  t h e  ethanol-doped sample t h i s  convection loads tc che development of a 
macroscopic depression i n  the  sol id- l iquid in te r face ,  which subsequently 
becomes the  s i t e  of a loca l ized  c e l l u l a r  s t ruc ture .  An ove ra l l  c e l l u l a r  
i n t e r f a c e  appears a t  condi t ions c lose  t o  those predicted f o r  i n t e r f a c i a l  
i n s t ab i l - i t y  . , 4 
I n  co l labora t ion  with M. E. Glicksman and J. I. Mickalonis of Rensselaer a 3 
d 
Polytechnic I n s t i t u t e ,  t he  s t a b i l i t y  of the flow between two v e r t i c a l ,  i n f i n i t e ,  4 3 
r i g i d ,  coaxial  cy l inders  held a t  d i f f e r e n t  temperatures is analyzed by l i n e a r  f 
s t a b i l i t y  theory. When the  r i g i d  outer  cyl inder-f luid i n t e r f ace  is replaced 
by a crystal-melt  i n t e r f ace  which can change shape, new "coupled modes" of 
instability occur at loner values of the Grashof number. TFcbse calculations 
were motivated by and are in general agreement with recent experiments at 
Xensselaer Polytechnic Instirute on succinonitrile. 
I Introduction 
i The general aim of this task is the theoretical and experimental ~trdj I 
of the iluid flow and solute segregation which occur during solidification. 
The nature of the fluid flow, its effect on the shape of the crystal-melt 
interface and on the resulting distribution of sclutes is examined. In 
~articulat, the role of so2ital convection (gravity driven flow due to 
solute gradients) during the vertical d1rectio;td soifdificatio~. A a binary 
all.oy is considered both theoretically and experimentally. 
We present a discussion of the theoretical work first and then a 
description of the experiments: each section can be read independently. 
The theoretical section describes numerical methods for solving the fluid 
dynamical, temperature, and concentration equations appropriate to directional 
solidification of a binary alloy. Some example results of these calculations 
are given. The experimental section describes tlie fluid' flow and crystal- 
melt interface shapes observed during the directional solidification of 
succinonitrile containing small additions of ethanol. 
In an appendix, we describe a linear stability analysis relevant to 
experimental work being conducted at Rensselaer Polytechnic Institute. As 
described in tt.e Appendix an interface instability occurs under conditions 
for which in the absence of fluid flow, the crystal-melt interface would be 
morphologically stable. 
THEORETICAL 
The Mathematical Model of Solutal Convection 
The problem considered is that of natural contection induced during uni- 
directional solidification of a binary alloy. The crystal is grown vertically 
upwards at constarat velocity V from a binary liquid with a concentration C of 
-. 
solute I l l .  Figure la shows a schematic diagram of the configuration. 
The LnitCal state is one in which the solid rejects or preferentially 
incorporates solute at the interface giving rise to an exponential 
concentration gradient of solate ahead of the interface with a d~cay distance 
D/V as shown in Fiaure lb. Also, an exponential temperature gradient exists 
in the liquid with a decay distance 1r9 and .in the solid with characteristic 
distance K ~ / V .  qere, K and K~ are the thermal diffusivities in the liquid and 
solid respectively and D is the diffusion coefficient for solute. 
4 large solute concentration gradient will induce natural, or buoyant con- 
vection, often called double diffusive convection [ 2 ] ,  if the solute rejected 
is lixhter than the solvent or a preferentially incorporated solute is heavier 
than the solvent. The temperature gradient, on the other hand, is a stabiliz- 
ing influence since the colder fluid will stably reside near the interface. 
It is the double diffusive convection which we wish to calculate. 
To examine the natural convection during crystal growth, many simplifi- 
cations are necessary. The simplifications will be enumerated and discrtssed 
briefly . 
During crystal growth, a spontaneous change in the interface shape, known 
as morphological instability and convective instability will be coupled. 
Linear stability analysis [ 3 ]  shows that the wavelength associated with the 
most unstahle mode of convective instability is much larger than that associ- 
I I ated with the most unstable morphological mode and, therefore, that the coupl- 
1 ing between these instabilities is weak in specific parametric ranges. Because 
I 
I the linear couplinz is weak and because we have little expectation at this 
stage that we can calculate the nonlinear coupling, we assume that the inter- 
face remains planar. The conditi~ns for morphological stability in the 
abseqce of fluid flow are well known; we restrict the parameter rsqge in our 
calculations to satisfy these conditioz~: . In addition, we are neglecting 
deformation of the interface caused by the flow at present; the validity of 
this approximation can be estimated from the numerical results. 
The convective flow field is assumed to be two-dimensional and periodic 
in the horizontal direction. The task of calculating the convective flow 
field is ultimately computational, and a two-dimensional computation is nuch 
more managea'le than a three-dimensional one. The horizc1.tal wavelengths for 
unstable convective modea calculated from linear stability analysis [ I ]  are 
fold to be nucl~ smaller than horizontal dimensions characteristic of experi- 
ments on unfdirectional solidification except for very small growth velocities. 
Therefore, it is expected that the solutal convection above an interface will 
be periodic in the hrjrizontal direction with a wavelengLh of the order of the 
most unstahle mode determinen from linear stability analysis. The model 
selected for computation is one horizantal cell of this periodic, cellular 
convection pattern: the length L in Figure la is taken to be one period. 
The liquid is taken to be a Roussinesq fluid with constant propert,es 
(density p, kinematic viscosity v, liquid thermal diffusivity K ,  solute dif- 
fusivity D, etc.) satisfying the Nsvier Stokes equations. Tn the Rouss,nesq 
approximation the density of the fluid is assumed to be constant everywhere 
except in the buoyancy terms where density variations are multiplied by the 
acceleration of gravity g. This is a very common approximation which is 
excellent in the present applica,tion [ 2 ]  . 
In order to compute the flow field, a finite region must be defined. As 
discussed above, one cell of a periodic convection pattern Ln the horizontal 
direction is selected. In the vertical direction, an artificial upper bound- 
ary is imposed. Aa noted earlier, the temperature gradient will tend to sta- 
bilize the convection. The;efore, the temperature field can be expected to 
limit the height of each convection cell, and if the artificial upper boundary 
is far enough from the interface, it should not influence the convection. 
(This assumption can be tested by changing the location of the artificial 
boundary. ) 
Between the liquid and the solid phase of the material, there will, in 
general, be a density change. This density change is usually saall, and in 
this study we have neglected it. 
The Equations 
A recent review of interfacial and hydrodynamic instability relevant tc 
crystal growth has been given by Coriell and Sekerka [3]. The equations and 
boundary conditions governing double diffusive convection are presented as 
Eqs. (2) - (13) in that review. The equations are the Navier-Stokes equations 
for a buoyant fluid of constant properties in the Boussinesq approximation, 
conservation of energy in the liquid (a convection-diffusion equation for 
temperature), conservation of energy in the solid (a diffusion equation for 
the temperature in the solid) and conservation of solute (a diffusion- 
convection equation for the solute concentration). The equations are written 
in a referencc frame which moves vertically upward at the constant interface 
velocity. The equation of state for the fluid relates variations in the 
density from a reference state linearly to changes in temperature and in 
! concentration. 
The boundary conditions are obtained from conservation of mass, energy 
and solute concentration together with a no slip conditiov for the tangential 
component of velocity at the interface. Since we do not allow the interface 
to deform, we can not satisfy all of the usual solidification boundary con- 
ditions. In particular, we do not require that the interface temperature 
equal the equilibrium temperature. Linear stability calculations have indi- 
cated that this does not have a great effect on the conditions for the onset 
of convection. A simplified set of these equations, obtaiaed by invoking the 
approximations enumerated above, are used to compute double diffusive con- 
vection in the present study. 
When no convection occurs and the interface remains planar, a quiescent 
steady state exists in a reference frame moving with the constant interface 
velociiy. This steady state is discussed in some detail, and mathematicel 
expressions for the temperature and solute concentration fields are given in 
References 1 and 3. 'Ihe fields are shown schematically in Figure 1. 
For the computation, a set of dimensionless variables has been used. The 
dimensionless concentration is referenced to the equilibrium-state concentra- 
tion C, at infinity and the temperature gradients are made dimensionless using 
the equilibrium-state temperature gradient GL in the liquid at the interface. 
All lengths are made dimensionlt,s with respect to the height H of the encloe- 
ure used for computation and the time scale is based on the kinematic viscosity 
v of the fluid and the height of the enclouure. 
When the equations are made dimensionless, several nondimensional para- 
meters result: 
Here g ie the acceleration of gravity. Re ie the Rayleigh number, a being the 
coefficient of themal expansion and 2ac is the solutal Rayleigh number, ac 
being the coefficient of expansion for eolute. The density in the liquid is 
- " m " - m 
given by the expreaeion p = po[l-a(T-To) - ac(C-Co) 1 #here p o, To and Co are 
all reference quantitiee. Pr ie the Prandtl niunber, Pr, = Pr K / K ~  and Sc the 
: t 
.. i 
- .  Schmidt number. A.lditiona1 dimenelonlees parameters are the geometrical ratio 
. / R = H/L, representing the height to the width of the computational enclosure, 
VH u I -- representing the dimeneionleee interface velocity, and two additional 
v 
parametere related to material propertiee; these are k, the partition co- 
efficient (the rat'io of the eolute concentration in the aolid to that in the 
LI 
liquid at the interface), and k, the ratio of the thermal conductivity in 
the solid to that in the liquid. 
In terms 5-C dimeneionleee variables and parametere, the quieecent 
equilibrium eolute concentration in the liquid and the temperature in the 
liquid and aolid are 
A 1 T,(Y) I -- - -0- exp (-yUPr) 
GLH UPr 
Here, A is a reference temperature and Gs/GL is the ratio of the solid to 
liquid temperature gradients at .the interface. (For more discussion of the 
dimensional parameters required to specify the problem or of the equilibrium, 
quiescent steady state; see References 1 and 3.) This solute concentration 
field and temperature field, together with a zero fluid velocity field, are 
the initial conditions for the convection computations described below. 
The equations in dimensionless form which describe the double diffusive 
convection are 
in 0 < x < 1 / ~ ,  0 < y < 1, and 
The boundary conditions are 
s 
* 
rig- 
at the top, y = 1, 
at the bottom, y = - 1, 
at the sides, x = 0 and x = 1/R, periodic boundary conditions: 
for all o < y < 1. .!inally, at the interface y = o, 
a c 
-- a - USc( I-k)c 
a Y 
3 %  a T  
T = Ts and k --- = -- 
a~ a~ 
Here u and v *re the horizontal and vertical components of the velocity vector 
in the laboratory (stationary) reference frame, J1 is the etream function, and 
av a~ 
W 3 -- - -- is t*,e vorticity. T and Ts are the variations of the temperatures 
ax ay 
from the initial steady-state temperature fields given in Eq. (2) within ths 
liquid and solid respectively. ~2 is the two-dimensional Laplacian, and all 
other symbols have been defined previously. 
A feature of the double-diffusive convection for a binary alloy which 
makes i' particularly challenging is the range of the parameters required to 
describe it. Equations (1) and the discussion following them demonstrate that 
the process is determined by nine dimenelonless parameters, even with all the 
simplifications in modeling the process discussed earq.ier. The range of these 
parameters which one can hope to investigate must be severely limited there-, 
fore; examination of Reference 1 confirms this observation. 
A second feature which makes the calculations challenging is the size of 
some of these parameters. In a liquid metal the Prandtl number is very small, 
of the order 10'2: hence the conduction of heat occurs much more rapidly thin 
doee the diffusior of vorticity or of solute. In the limit when the Prandtl 
number vanishes the temperature variation from the equilibrium value would 
also vanish. 
These observations can be used formally to simplify the temperature 
equations as follows. Note first that Prs and Pr are approximately the same 
size. Therefore let 
Simultaneously, change the time scale to reflect the faster time for ~hermal 
conduct ion: 
LI 
where t is t h e  dimensional ttmc?. Now, formal ly  s c o e t i t u t e  expars iona (5 )  i n t o  
t h e  temperature equat ions  i n  Eqs .  ( 3 ) ,  and change t o  t h e  new time v a r i a b l e  T 
dT0 
i n  t h e s e  equat ions .  Note t h a t  --- = exp(-yUPr) Z 1 f o r  small P r ,  provided 
d Y 
D is not too  l a r g e ,  and equate  a l l  terms independent of P r  t o  zerc.  The 
r e e u l t f n g  approximate temperature equa t iocs  a r e ,  f o r  o < :r < I / R ,  
3 T ~ 1  K, 
---- - -- Y ~ T ,  = o f o r  -1 < y < o 
a T K 1  
The corresponriing boundary cond i t ions  on TI and T,1 are :  
a t  x = o and x = 1 / K  
and a t  t h e  I n t e r f a c e ,  y = o ,  
TI  = Ts and k ---- = --- . 
1 a Y a Y 
This  formal procedure t a k e s  advantage  of t h e  small P r a n d t l  number, re- 
duc ing  t h e  n o n l i n e a r  convect ion-di f fus ion  e q u a t i o n  f o r  t h e  tempera ture  v a r i -  
a t i o n  from t h e  i n i t L a l  state i n  t h e  l i q u i d  t o  a l i n e a r  d i f f u s i o n  e q u a t l o n  as 
a f i r s t  a p p r o x i m a t i n n .  The s o l u t i o n  f o r  T1 Is t h e n  coupled #.-.,a t h e  v o r t l c i t y  
e q u a t i o n  i? Eqs. ( 3 )  by t h e  s u b s t i t u t i o n  T = PrT1. 
The Numerical Metbod 
-----
The e q u a t i o n s  presented  above have been so lved  by f i n i t e  d i f f e r e n c e  
methods. A r e c t a n g r ~ l a r  g r i d  is d e f i n e d  ove r  one pe r iod  i n  t h e  h o r i z o n t a l  
d i r e c t i o n  and hetween tbe i n t e r f a c e  and t h e  a r t L f i c i a l l y  imposed boundary a t  $ 
t h e  t o p  f o r  t h e  convect ion  c a l c u l a t i o n .  A similar g r i d  i s  imposed ove r  a  2 
j 
h o r i z o l ~ t  a1 per iod  and hetween t h e  i n t e r f a c e  and a second a r t  i f  t c i a l  boundary 
i n  t h e  s o l i d  a t  y = - Ii t o  c a l c u l a t e  t h e  tempera ture  i n  t h e  s o l i d .  A t  t h e  
nodes o r  i n t e r s e c t i o n  of  t h i s   rid a l l  dependent  v a r i a b l e s  are def ined .  
The e q u a t t o n s  so lved  n m e r l c a l l y  a r e  t h e  v o r t i c i t y  e q u a t i o n ,  ( 3 a ) ,  t h e  
s o l u t e  c o n c e n t r a t i o n  equa t ion ,  (3b) ,  t h e  stream f u n c t i o n  equa t lon ,  (3d ) ,  and 
t h e  t , ~ o  approximate tempera ture  e q u a t i o n s ,  ( 7 ) ,  f o r  t h e  d e v i a t i o n  o f  t h e  
t empera tu re  from tiil i n i t i a l  s t a t e .  Note t h a t  t h e  v o r t i c i t y ,  c o n c e n t r a t i o n  
and tempera ture  equations are a l l  p a r a b o l i c  i n  c h a r a c t e r :  t hey  de termine  t h e  
time e v o l u t i o n  o f  t h e s e  dependent v a r i a b l e s .  The v o r t i c i t y  and c o n c e n t r a t i o n  
e q u a t  tons  are coupled,  n o n l i n e a r ,  convect  ton-dif f u s i o n  equa t ions .  The 
t empera tu re  e q u a t i o n s  a r e  l i n e a r  t o  t h e  First approximat ion  f o r  suiall P r a n d t l  
number. 
I n  c o n t r p s t ,  t h e  e q u a t i o n  f o r  t h e  s trea.n f u n c t i o n  is e l l i p t i c  and l i n e q r .  
A very  b r i e f  d e s c r i p t i o n  of t h e  numer ica l  t echn iques  used t o  s o l v e  t h e s e  equa- 
t i o n s  and t h e  checks used t o  a s c e r t a i n  t h e  v a l i d i t y  o f  t h e  nurnrr tcal  s o l u t i o n s  
w i l l  be p re sen ted .  
For t h e  two coupled nonl inear  equa t ions  f o r  concentra t ion and v o r t i c i t y ,  
P r o m l s  lpethod [ 4 ]  was used. In  t h i s  method, t h e  convect ive  terms, w r i t t e n  i n  
conservat ion form (as presented i n  Eqs. (3a)  and (3b)),  are approximated by 
c e n t r a l  d i f fe rences .  The d i f f u s i o n  terns and t h e  time d e r i v a t i v e s  are 
approximated according t o  t h e  method of DuFort-Frankel [S] .  Fromn's method is 
charac te r ized  as second order  a c c u r a t e  I n  both space and time, e x p l i c i t  and a 
conserva t ive  scheme. 
The s o l u t i o n  t o  t h e  coupled concentra t ion and v o r t i c i t y  equat ions  when 
t h e  temperature f i e l d  was suppressed ( f o r  example by s e t t i n g  R a  = o )  was 
checked by s o l v i n g  these  equat ions  us ing a d i f f e r e n t  f L n i t e  d i f f e r e n c e  scheme, 
:he a l t e r n a t i n g  d i r e c t i o n  i m p l i c i t  (ADI)  scheme [ 6 ] .  A t y p i c a l  mesh used f o r  
s o l u t i o n  of t h e  equat ions  is 16 mesh c e l l s  i n  h o r i z o n t a l  d i r e c t l o , .  and 31 mesh 
c e l l s  i n  t h e  v e r t l c a l  d i r e c t i o n ,  and f o r  such a mesh, t h e  s o l u t i o n s  obtained 
by t h e  two d i f f e r e n t  methods agreed t o  a few percent.  The AD1 scheme w a s  
found t o  t a k e  about t h r e e  times longer  t o  compute a t r a n s i e n t  s o l u t i o n ,  how- 
e v e r -  ~ n d  t h e r e f o r e  was not  pursued. 
The two l i n e a r  temperature equat ions  were a l s o  solved by two d i f f e r e n t  
methods, PuFort-Frankel and ADI ,  and agreement was found t o  a few percent.  
Tn t h i s  case ,  however, t h e  AD1 was found t o  be about a f a c t o r  of t e n  t i m e s  
f a s t e r  f o r  s n a i l  P rand t l  number; t h e  i m p l i c i t  na tu re  of t h e  scheme allowed 
time s t e p s  f o r  t h e  temperati:te computation of t h e  same s i z e  a s  those  f o r  t h e  
vortic:.:y computation withoui much accuracy degradatlon.  Therefore, t h e  AD1 
is  prese..tly being used t o  ccmpute t h e  temperature. 
The e l l i p t i c  equat ion f o r  t h e  s t ream func t ion ,  g iven t h e  v o r t i c i t y  f i e l d ,  
was solved us ina  a package developed by Swarztrauher and Sweet [ 7 ] .  This 
package uses  Fast  d i r e c t  methods, f a s t  Four ier  transforms and c y c l i c  reduc- 
tion, and has been found in this and other applications to be both very 
accurate and efficient. 
The algorithms for calculating the coupled concentration and vorticity 
equations are described in detail in Reference 8. They were implemented and 
checked by Mr. Winston Chuck during the summer of 1979 after he had graduated 
from Cornell University and before he entered a Ph.D. program at the 
University of Minnesota. The graphics display, using the NCAR graphics 
package [ 9 ] ,  as shown in this report and initial attempts to compute the tem- 
perature field coupling to the vorticity and concentration distributions were 
carried out by Mrs. Kathleen Horrish during the summer of 1930, after she had 
completed her Masters degree at the University of Wisconsin and before she 
embarked on her Ph.D. at the University of Haryland. Her work is reported in 
Reference 10. 
Computational Results 
Some computational results are given in Figures 2-7. Dimensionless 
parameters used in the computations are given in Table 1. The dimensional 
parameters used to obtain the values in Table 1 correspond to a cell height of 
.125 cm, a solutal diffusion coefficient of 3. x 10-5 cm2/s, an interface 
velocity of 2. x 10'3 cmls, and temperature gradients of 500 K/cm and 200 
K/cm for the first and seca~id columns, respectively. 
Figures 2 through 5 show contours of constant concentration and contours 
of the st-eam function at two different times. In the steady state, the 
stream function determines the flow magnitude and direction; the flow velocity 
is tangent to the stream function contour. The calculation is initiated by 
adding a small perturbation to the concentration profile and allowing the 
disturbance to develop from rest. In this case the hulk concentration is 
25% larger than its critical value as predicted by linearized analysir [ I ] .  
i 
! In the early part of the calculation (Figures 2 and 3) .  a slight dirtortion of 
i 
I the concentration profile gradually appear80 The cellular structure of the 
stream function contours shows good qualitative agreement with that of the 
linearized treatment. This initial >eriod of slow growth is followed by a : I 
! 
: rapid, nonlinear growth over a relatl.acly short time interval, leading to a 
: 
i steady state flow pattern with significant distortions of the concentration 
L 
! profile. 
! Figures 4 and 5 show the steady state pattern which persists after the 
transient period has ended. A large distortion of the concentration field is 
evident, with an accompanying upwelling of the streamlines near the center 
of the figure. Note also that the flow velocity remains orders of magnitude 
smaller near the upper boundary of the figure, demonstrating that the stabili- 
ing ternperatgre gradient has effectively "capped" the vertical extent of the 
flow. Therefore, the boundary conditions applied to the upper surface may 
not have too serious an influence on the flow. 
Figures 6 and 7 correspond to a flow with larger Schmidt number, Sc = 
10. In this case, a longer time is required to achieve a steady state, and 
the influence 9f the upper boundary determines the height of the convection 
cell. The vertical velocity near the center of the cell is 1.0 x 10'2 cm/s, 
which is about five times the speed of the interface. If the concentration 
far from the interface is normalized to unity, the maximum concentration at 
the interface is 3.72 and the minimum doncentration is 2.23. The maximum and 
minimum temperatures along the interface differ ty .013K. 
For the two calculatione shown above, it is valuable to check the static 
stability of the initial state; the fluid is statically stable if the density 
*o 
decreases with height above the Interface. For static stability -- < 0, or 
dy 
in dimensionless form 
At the interface, where the concentration gradients are largest, 
Using the values given in Table 1, we find that the fluid is statically stable 
initially for both cases. 
As an overall check on the computational scheme, the solutal Rayleigh 
number for convective instability was determined for prescribed values of all . 
other parameters, and this value was compared with that determined by linear 
stability analysis as described in Reference 1. For a hyleigh number of 0 i 
+ 
and an aspect ratio of 0.5 and all other parameters as given in the first case € 
shown in Table 1, the convection code was run repeatedly with increasing values 1 ? 
of the solutal Rayleigh number until the initial, small perturbation either 
' 
clearly decayed or grew. In the former case the flow was judged stable for 
that solutal Rayleigh number and in the latter case unstable. Linear stability 
analysis [l] determines the critical solutal Rayleigh number to be 4251. Using 
increments of 250 in Rac on a 16 by 31 mesh, Rac = 4500 was determined to be 
stable whereas Rac = 4750 was found to he unstable. The discrepancy between 
the critical solutal Rayleigh number determined from the convection code and 
that determined by linear stability analysis is between 6 and 12%. No attempt 
was made to determine the critical solutal Rayleigh using the convection code 
more precisely because near neutral stability, decay or growth of a perturba- 
tion was found to be very slow. Subsequent calculations with the convection 
code have used estimates made by the linear stability analysis (with a n d n a l  
102 variation) aa a guide for selection of parameters. 
The double-diffusive convection code described here offers the 
opportunity to exadne nonlinear features produced by solutal convection 
during unidirectional solidif ication of a binary alloy. Although the range of 
parameters over which the coaz has been run is very limited at this time, we 
hope to extend this range in the future and to explore such nonlinear features 
as the magnitude of the convection and the distance above the interface to 
which convection extends as a function of Raylefgh number, solutal Rayleigh 
number and Schmidt numberfor example. 
EXPERIMENTAL 
Background 
To grow from the melt a crystal containing a uniform concentration of a 
solute generally requires solidification at steady state with a planar 
solid-liquid interface. Convective instabilities of the liquid phaee or 
morphological instabilities of the solid-liquid interface lead to a breakdown 
of these idealized solidification conditions, with resultant inhomogeneities 
of the crystal. In a previous article [ll] we described a stability analysis 
of the succinonitrile-ethanol system which predicted the conditions of 
solute concentration and interface velocity which lead to convective or 
morphological instabilities. The analysis assumed an initially planar 
horizontal interface (unidirectional heat flow) of infinite extent. 
Succinonitrile was chosen as the primary constituent because it is a trans- 
parent material which solidifies with an unfaceted solid-liquid interface, 
which implies that deviations of the interface from its equilibrium temperature 
are negligible. The relevant physical properties of succinonitrile are well 
known. Ethanol is used as the solute because of its significantly lower ' 
density compared to succinonitrile. ihe relevar~t portions of the phase 
diagram have been reported previously. The liquidus slope for ethanol in 
succinonitrile is 3.6 K/wt.X and the solidus slope is 81 K1wt.X. giving a 
distribution coefficient cf k = 0.044.  Because of the low value of the 
distribution coefficient, the convective and interfacial instabilities of 
interest occur at low concentrations of ethanol, and very high purity starting 
materials are therefore required. Fortunately, it has already been demonstrated 
[12] that sufficient purity can be attained in succinonitrile by vacuum 
distillation and zone refining, and these methods have been used in the 
present experiments. 
The stability analysis predicts that when succinonitrile containing 
ethanol solidifies unidirectionally upward, there exists for a given temperature 
gradient in the liquid a critical concentration above which plane-front 
convectionless solidification is unstable. This concentration is a function 
of the solidification velocity, and at low velocities the instability appears 
first in a convective mode whereas at higher velocities the instability 
appears first in an interfacial mode (Figure 8). The instability wavelength 
for the convective mode is considerably larger than that for the interfacial 
mode. For temperature gradients which are appropriate for Bridgman-type 
crystal growth in this system (about 10 K/cm) the transition from the con- 
vective to the interfacial instability mode occurs at velocities of a few 
micrometers per second. Ploreover, there exists a range of concentrations 
- 3 between approximately 2 x 10 to 5 x l d 3  wt.% ethanol for which it is pre- 
dicted that there is a range of solidification velocities in which plane 
front convectionless solidification is stable, but above which interfacial 
instabilities occur and below which convective instabilities occur. A sample 
was therefore prepared to be within this concentration range so that both 
types of instability could be sougllt. 
Experimental Procedures 
Samples of pure succinonitrile and succinonitrile doped with ethanol are 
sealed under vacuum in round pyrex tubes 19 m in diarceter. Composition is 
determined by measurement of the melting range, i.e., the difference between 
the liquidus temperature (where the last fragment of solid is equilibrated 
with the melt) and the solidus temperature (where liquid first appears at 
grain boundaries and in the form of droplets within the solid). The samples 
primarily used in these studies were determined thus to have melting ranges 
of 1.2 x 10'~ 'C, correspondilg to 1.5 x wt.2 ethanol or equivalent 
(designated as the high purity sample), and 0.215 OC, corresponding to '2.6 z 
wt.% ethanol. The samples are innocuated with microspi~eres of poly- 
vinyJ.toluene to serve as markers for convective flow in the liquid. 
Solidification is carried out by drawing the sample downward through a 
temperature gradient device consisting of a loud, low-temperature water 
jacket which is maintained below the melting temperature and an upper high 
temperature jacket which in some experiments consisted of a w~ter jacket and 
i 
in others consisted of an electric heater. A temperature gradient was thus 
established, typically in the range of 5-10 O C  per centimeter. 
The solid-liquid interface was observed and photograpi~ed through a 
stereomicroscope, directed horizontally at the region in dhich the tmperature 
gradient was established. Bright field illumination was used for best ! 
observation of interface shapes but dark field illumination is most effective 
for observations of the particles which delineate the fluid flow. High re- i 
solution viewing of the material within the cylindrical tube requires that 
the tube be surrounded by a medium which is appropriately matched in refractive 
i 
1 
index to the tube contents. A mixture of water and ethylene glycol In be 3 
used for this purpose but more recently it has been found desirable to use a 
solid material as described below. 
Succinonitrile is a somewhat unusual material in that the therrial con- 
ductivity of the solid and liquid are almost identical. Thus, when no solidification 
is taking place the gradients in the solid and liquid on either side of the 
interface are also identical. \\'hen the sample tube is held in a vertical 
tempzrature gradient, the linear gradients in the sample and in the container 
walls are thus matched and the isotherms, including that which coincides with 
the solid-liquid interface, are almost planar and hurizontal. When solidification 
is induced by drawing the sample downward, the emission of latent heat by 
the solid-liquid interface results in a discontinuity of temperature gradient 
across the interface, and because this discontinuity is not matched in the 
container walls and refractive index matching medicrs, the isotherms, especially 
that delineating the solid-liquid interface, become nuu-planar. The temperature 
gradient in the region near the interface thus has radial components. An 
inevitable consequence of this non-planar interface and .the associated 
radial gradients is the presence of a thermally-induced convective flow in 
the liquid phase. This takes the form of an upward flow along the central 
axis of the sample tube and a downward flow along the walls. The presence 
of this thermally-induced flow is disruptive to the development of the 
steady state solutz fields as assumed in the analysis of convective and 
interfacial instabilities, and therefore, seriously interferes with the 
comparison of theory with experiment. The effect is particularly severe in 
the case of materials such as succinonitrile which have a low thermal con- 
ductivity compared to that of any useful container. 
One way to significantly reduce the radial gradients in the vicinity of 
the solid-liquid interface is to add an auxiliary heater surrounding the 
sample tube at the location of the solid-liquid interface. Such a heater, if 
properly adjusted, can establish a gradient change in the container walls and 
the index matching medium which approximates that in the solidying material. 
Several designs for such heaters have been investigated, and the most effective 
found to this point has been a single loop of small-diameter rebistance wire 
embedded in a cast block of transparent metallurgical epoxy which fits closely 
around the sample tube (Figure 9). The epoxy block holds the wire in position 
A. 
and also serves as an approximate refractive index matching medium. During 
crystal growth the sample tube slides through the epoxy block and the small 
space between the block and the tube is filled with a fluid (ethylene glyccl) , 
which is held in place by surface tension and which serves both as a heat 
transfer medium and an optical matching medium. The most difficult aspect of 
using such a devtce is thai it changes the vertical position of the solid- 
liquid interface as well as the radial gradient, so that both the position 
and power of the ring heater nust be adjusted to give the flattest solid- 
liquid interface. 
Results 
Without the use of a ring heater, it is found that convection is present 1 $ 
f 
during solidification of even pure samples of succinonitrile. Because of 8 
sadial heat l~sses, some convection is present even when the growth velocity E 
5 
is zero. 2 
1 
Figure 10 is an example of a double-exposure photograph of the liquid A 
4 
above the solid-liquid interface showing the double images of several marker ,? a 
particles in the liquid, from which convective flow can be measured. The 1 4 3 
dense stream of particles results from the break-up of an agglomeration of ! 
particles and does not indicate a region of unusual flow conditions. Figure 
11 shows flow velocities measured from this photograph (with the long line 
indicating the dense stream of particles). The crystallization velocity in 
these samples was zero, and when crystallization starts the fluid flow field 
remains similar in shape but the velocities increase. Thus, Figure 12 gives, 
as a function of growth velocity, an example of the upward flow velocity at 
the center of the tube 2 above the solid-liquid interface for a particular 
fixed set of crystallization conditions (temperature difference between hot 
and cold bath, configuration of refractive index matching medium, insulation, .r ,h 
'- 
J. 
e tc . ) .  ' The f l u i d  flow i n  t h i s  case (pcre mater ia l )  is  due e n t i r e l y  t o  t he  
r a d i a l  g r a - i e n t s  r e su l t i ng  from l a t e r a l  hea t  losses  and from the  flow of hea t  
between the sample and the  chamber walls.  The v e l o c i t i e s  of flow a r e  small 
enough tha t  the  motion of the p a r t i c l e s  is  not e a s i l y  seen when viewed i n  
r e a l  t i m e  through tht. microscope, but a r e  l a rge  enough t o  se r ious ly  d i s rup t  
t he  development of any steady s t a t e  one-dimensional d i s t r i b u t i o n  of s c l u r e  a s  
assumed i n  the  t heo re t i ca l  analysis .  The,=fore, it  can be expected t h a t  the  
c r y s t a l l i z a t i o n  conditions used f o r  t h i s  set of experiments w i l l  not lead t o  
t h e  onset of i n t e r f a c i a l  and convective i n s t a b i l i t y  a t  qu i t e  the  same con- 
cen t ra t ions  and v e l o c i t i e s  predicted by the theory. 
In  high pur i ty  succ inon i t r i l e ,  the  r a d i a l  gradients  and f l u i d  flow 
pa t t e rns  r e s u l t  i n  a sol id- l iquid i n t e r f ace  which is  cqncave upward t o  an 
extent  which increases  with increasing c r y s t a l l i z a t i o n  ve loc i ty ,  hut  which 
has no microstructur '- f ea tu re s  except f o r  grooves where grain boundaries o r  
sub-boundaric ' i n t e r s e c t  the sol id- l iquid in te r face .  Any marker p a r t i c l e s  
which iinpinge upon the  i n t e r f ace  a r e  pushed by i t  but tend t o  accumulate i n  
g ra in  bomdary grooves o r  t r i j u n c t i o n s  where they may become trapped by the  . 
s o l i d  when they accumulate i n  s u f f i c i e n t  numbers or  the  ve loc i ty  becomes high 
enough. 
-3 In the  sample containing 2.6 x  10 wt .% ethanol ,  the theory p red i c t s  
i n t e r f a c i a l  i n s t a b i l i t y  a t  s o l i d i f i c a t i ~  n v e l o c i t i e s  above sbout 10 um/sec 
and convective i n s t a b i l i t y  a t  v e l o c i t i e s  below about 2.5 pmjsec, with s t a b i l i t y  
predicted between these ve loc i t i e s .  The experiments with t h i s  sample a r e  
complicated by the  presence of a  bowl-shaped in t e r f ace  and thermally induced 
convective flow s imi l a r  t o  t h a t  seen i n  the pure sample. A t  steady s t a t e  
with a  growth ve loc i ty  of 10 u m / s  i t  is found t h a t  t h i s  sample s o l i d i f i e s  
with a  c e l l u l a r  so l i d / l i qu id  i n t e r f ace ,  i. e. , i n t e r f a c i a l  i n s t a b i l i t y  has 
occurred. At a growth velocity of 6 pm/sec it was found that approximately 
one half of tile s~lid-liquid interface, in the central part of the sample 
tube, was in the form of a cellular interface while the outer part of the  
sample was non-cellular. At 4 pm/sec, one fourth or less of the interface 
was cellular and at slower velocities no cellular structure was observed. .- 
Figure 13 contrasts the smooth but bowl-shaped interface of a high purity 
--- 
sample with a cellular interface in an ethanol-doped sample. Thus, the 
onset of interfacial instability occurred at or somewhat below the velocity 
at which it was predicted. At low velocities, where the convective in- 
stability is predicted, 110 flow patterns clearly distinguishable from those 
of the puie material could be distinguished among the background of purely 
thermal convection. 
The localization of interfacial instabilities in the central portion of 
the sample tube was found to be a result of macroscopic shape change of the 
interface. These shape changes are consistent with what would be expected 
'xom the observed thermal convective flow patterns. Whereas the radial hea: 
flow and associated thermal convection produce a bowl-shaped (i.e., concave 
upward) soliil--liquid interface in both the pur? and the ethanol-doped sample, 
in the latter sample the interface developed an additional central depression 
in the center which grew to a depth comparable to its width and then broke 
down into a classical cellular structure (Figure 14). No such central 
depression was ever seen in the pure material. 
The debelopment of the central depression in the interface only in the 
sample doped with ethanol suggests that it may be attributed to the accumulation 
of solute ahead of the int~rface directly under the poinr where the thermally- 
induced convective flow converges and turns upward. 
-a I n  t h e  samp1.e c o n t a m i n g  2.6 x  1 0  wt.X e thano l ,  t h e  s o l i d u a  and 
l i q u i d u s  temperatures d i f f e r e d  by 0.2 K. I n t e r f a c e  temperatrlrv  variation^ 
due t o  t h e  l a t e r a l  d i s t r i b u t i o n  of s o i u t e  caused by t h e  thermal convection 
can be expected t o  f a l l  w i t b i n  t h i s  range. I n  a sample s o l i d i f y i n g  a t  2 m/s tn 
a temperature g r a d i e n t  of about 6 Wcm, i t  was found t h a t  t h e  a x i a l  depress ion 
achieved a  maximum depth of about 0.5 mm be fore  t h e  c e l l u l a r  s t r u c t u r e  
developec'. Thus, t h e  i n t e r f a c e  temperature would va ry  by 0.3 K i n  a  depress ion  
of t h i s  depth  i f  we neg lec t  t h e  in f luence  of t h e  l a t e n t  h e a t ,  i n  f a i r  agreement 
wi th  t h e  mel t ing p o i n t  range. 
When t h e  same e ~ p e r i ~ i e n t  was repeated bu t  wi th  t h e  r i n g  hea te r  surrounding 
the  i n t e r f a c e  a c t i v a t e d  t o  a power of 0.6 w a t t s ,  t h e  s o l i d - l i q u i d  i n t e r f a c e  
was g r e a t l y  f l a t t e r e d  and the c e n t r a l  depress ion d i d  no t  d e v e l o ~  even & ~ e r  
t h r e e  haurs of growth. A s  a  r e s u l t ,  t h e  c e l l u l a r  i n t e r f a c e  d i d  not  develop. 
Although convection measurements were not  made i n  t h i s  experiment due t c  
p a r t i c l e  viewing d i f f i c u l t i e s  through t h e  r i n g  hea te r  : i c - c : i r ,  t h e  f l a t t e r  
shape of t h e  i n t e r f a c e  c l e a r l y  ind ica ted  a  lower d r i v i n g  f o r c e  fo r  thermal 
convection. 
Conclusions and Discussion 
The onse t  of convective and i n t e r f a c i a l  i n s t a b i l i t i e s  dur ing the  uni- 
directional upward s o l i d i f i c a t i o ~ i  of s u c c i n o n i t r i l e  con ta in ing  e thano l  has  
been p red ic ted  a s  a  func t ion  of s o l u t e  concen t ra t ion  and s o l i d i f i c a t i o n  
v e l o c i t y .  A t  some concencrat ions  ? t  is p red ic ted  t h a t  t h e r e  is a  range nf 
growth v e l o c i t i e s  i n  which s o l i d i f i c a t i o n  is s t a b l e ,  wi th  i n t e r f a c i a l  in- 
s t a b i l i t y  p red ic ted  above t h i s  range and convect ive  instability pred ic ted  
below t h i s  range. 
Experimental measurements of solidification io samples of su-cinonitrile 
solidified upward in a temperature gradient have shown that convection is 
present even in high purity samples, where it must be attributed to radial 
themal gradie~ts. The pat tern o! thennally-induced convective flow is con- 
sistent with the observed distortion of the solid-liquid interface due co 
heit exchange between the solidifying sample and the container wails. T:ie 
tkrmally-induced convection interferes with any direct observation of the 
transition from stability to onvective instability because solidification 
is not unidirectional as assumed. 
Interfacial instability is never observed in a high purity sample, as 
- 3 predicted, and in I sample aoped with 2.6 x 10 wt.% ethanol interfacial 
instability is found in the form of a cellular solidification front extending 
over the entire ilterface at velocities very close to that which is predicted. 
However, at slower growth velocities the cellular solidification front is 
also seen but covers only a restricted area at the center of the interface 
and at stili slowe: velocities no cellula- structure is seen. 
The localization of the cell-llar structure in :he central part of rhe 
interf;.c:e was found to be the result of a macroscopic but transient depression 
which develops ir. that part of the interface. This depression, which is 
never seen in high purity samples, is attributed to solute redistribution 
by the thermlly-induced convective flow. Activation of a ring heater 
surrounding the solid-liquid interface results in a flattening -f the interface 
and thus a reduction in the driving force for thermal convection. Under 
these condition.:, the formation of the central depression and of the cellular 
interface is suppressed. 
Table 1 .  Values Used i n  Numerical Calculations 
Figures 2 - 5 
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Fig. 2. Level lines of the concentration field at dimensionless time 
t = .25. The dimensionless parameters for this case appear in 
Table 1. The increment in the value of the concentration from 
one line to the next is constant, so that the lines bunch together 
where the gradients are large. 
Fig. 3. Level lines of the stream function at time t = .25.  The 
instantaneous velocity is tangent to the level lines. The 
locatio~r and magnitude of the stream function's highs and lows 
are indicated in the figure. 
Fig. 4. Level lines of the concentration field at steady state. 
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Level lines of the stream function at  steady state.  
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Fig. 6. Level lines of the concentration field at dimensionless time 
t = 2.5. The dimensionless parameters for this case appear in 
Table 1. 
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Fig .  7. Level lines of the stream function at time t = 2.5. 
Fig. 8. The critical concentratioa cm of ethanol in succinonitrile above which 
instability occurs as a function of the velocity V of unidirectional 
upward solidification for a temperature gradient in the liquid of 
10 K/cm. The ratio of the instability wavelength, A ,  to the diffusion 
boundary layer thickness, D/V, is also shown. The solid and dashed 
lines correspond to interfacial and convective instabilities, respectively, 
while the dotted line denotes an oscillatory convective instability. i 
.; 
Fig. 9 .  Position of ring-shape, heater wir,?, embedded in transparent epoxy block 
surrounding the solid-liquid interface. A fluid layer between the 
epoxy block and the borosilicate glass salrplr tube is held in  lace by 
surf ace tension. 
Fig.  10. 3euble-cxpcsure photograph of 2 Dm diameter particles  suspended in a 
sample of plrre succinonitrile, showing motion in the liquid d i r e c t l y  above 
the solid-liquid interface near the center of the sample tube. 

Growth Velocity (km/s) 
F i g .  12. Upward f l u i d  flow v e l o c i t y  2 mm above t h e  c e n t e r  of the  s o l i d - l i q u i d  
i n t e r f a c e  dur ing s o l i d i f i c a t i o n  of t h e  pure  s u c c i n o n i t r i l e  sample. 
This flow is purely  thermal i n  o r i g i n  and is due t o  both  h e a t  l o s s e s  t c  
the  environment and ( f o r  non-zero growth ve loc i t i e . ; )  t o  heat exchanges 
wi th  the  con ta ' - e r  w a l l s  i n  t h e  v i c i n i t y  of t h e  s o l i d - l i q u i d  i n t e r f a c e .  
Fig. 13. Smooth but bowl-shaped interface as seen during solidification of high- 
purity succinonitrile, contrasted t o  cellular interface seen a t  sufficiently 
rapid solidification velocities in ethanol-doped succinonitrile. 
Fip. 14. The macroscopic depression which develops in the center of the solid-liquid 
interface of the ethanol-doped sample. Above, it is seen just a t  t h e  
po in t  where interfacial  instability has appeared, and helm, it is 
seen after a cellular structure has developed. 
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ABSTRACT 
The s t a b i l i t y  of t h e  flow between two v e r t i c a l ,  i n f i n i t e ,  r i g i d ,  c o a x i a l  
c y l i n d e r s  held a t  d i f f e r e n t  temperatures is  analyzed by l i n e a r  s t a b i l i t y  
theory.  For a P r a n d t l  number of 22.8 and a r a d i u s  r a t i o  of 0.02, t h e  f low is 
uns tab le  t o  an axisymmetric p e r t u r b a t i o n  a t  a c r i t i c a l  Grashof number of 
2150; t h e  wave speed of t h e  i n s t a b i l i t v  is comparable t o  t h e  maximum v e l o c i t y  
of t h e  unperturbed flow. Khen t h e  r i g i d  o u t e r  cy l inder - f lu id  i n t e r f a c e  is 
replaced by a crys ta l -mel t  i n t e r f a c e  which can change shape, two new modes of 
i n s t a b i l i t y  occur a t  lower Grashof numbers. There is an asymmetric i n s t a b i l i t y  
wi th  a c r i t i c a l  Grashof number of 180 and an axisymmetric i n s t a b i l i t y  wi th  a 
c r i t i c a l  Grashof number 02 460; f o r  both  of t h e s e  modes the  wave speed of t h e  
i n s t a b i l i t y  is s e v e r a l  o r d e r s  of magnitude smal le r  than the  unperturbed f low,  
v e l o c i t y .  
These c a l c u l a t i o n s  were motivated by and a r e  i n  genera l  agreement wi th  our 
r e c r n t  experiments on s u c c i n o n i t r i l e .  A long v e r t i c a l  c y l i n d r i c a l  sample of 
s u c c i n o n i t r i l e  was heated by an e l e c t r i c a l  c u r r e n t  through a c o a x i a l  v e r t i c a l  
wire  s o  t h a t  a v e r t i c a l  melt  annulus formed between t h e  coax ia l  h e a t e r  and 
t h e  surrounding c rys ta l -mel t  i n t e r f a c e .  Above a c r i t i c a l  Grashof number of 
c i r c a  200, a h e l i c a l  crys ta l -mel t  i n t e r f a c e  formed which r o t a t e d  s t e a d i l y  
about the  cy l inder  a x i s ;  t h e  wave speed was s e v e r a l  o r d e r s  of magnitude less 
than the  base flow v e l o c i t y .  
! INTRODUCTION 
i 
There has been extensive  research and development on t h e  e f f e c t  of f l u i d  flow 
on s o l i d i f i c a t i o n  and on t h e  p r o p e r t i e s  of t h e  r e s u l t i n g  s o l i d  [l-31. Both 
hydrodynamic i n s t a b i l i t i e s  [ 4 ;  and morphological i n s t a b i l i t i e s  [5] have been 
s tud ied  and t h e  e f f e c t  of convective flow on morphological s t a b i l i t y  has been 
r e c e n t l y  reviewed [6]. Delves [7] showed t h e o r e t i c a l l y  t h a t  a fiow p a r a l l e l  
t o  the  crys ta l -mel t  i n t e r f a c e  could i n c r e a s e  s t a b i l i t y  and g ive  rise t o  
t r a v e l i a g  waves on t h e  i n t e r f a c e .  The i n t e r a c t i o n  of morphological i n s t a b i l i t y  
wi th  a melt s u b j e c t  t o  thermosoluta l  i n s t a b i l i t y  and t h e  e f i e c t  of g r a v i t y  on 
t h i s  i n t e r a c t i o n  has a l s o  been s tud ied  [8-91. I n  both  these  c.-ses, morphological 
i n s t a b i l i t y  occurs  even i n  t h e  absence of f l u i d  flow, a l though i n  genera l  t h e  
c r i t i c a l  value  of t h e  parameter f o r  t h e  onse t  cf  i n s t a b i l i t y  is changed by 
t h e  flow. 
A s  i l l u s t r a t e d  i n  Figure 1, recen t  experiments [10-111 have demonstrated an 
i n t e r f a c e  i n s t a b i l i t y  under cond i t ions  f o r  which i n  t h e  absence of flow, t h e  
solid-melt  i n t e r f a c e  would be morphologically :table. I n  these  experiments,  
a long v e r t i c a l  c y l i n d r i c a l  sample of high p u r i t y  s u c c i n o n i t r i l e  was heated 
by an e l e c t r i c a l  c u r r e n t  through a long, c o a x i a l ,  v e r t i c a l  wire ,  so  t h a t  a 
v e r t i c a l  melt annulus formed between t h e  coax ia l  h e a t e r  and t h e  surrounding 
solid-melt  i n t e r f a c e .  The o u t e r  r a d i u s  of t h e  c r y s t a l  was maintained a t  a 
constant  temperature below t h e  mel t ing po in t  (58.1 "C). With t h l s  arrangement 
the temperature inc reases  i n  t h e  l i q u i d  and decreases  i n  t h e  s o l i d  wi th  
d i s t a n c e  from the  crys ta l -mel t  i n t e r f a c e ,  and consequently t h e  i n t e r f a c e  
would be morpholo$cally s t a b l e  i n  t h e  absence of f l u i d  f low [6] .  
Buoyancy d i c t a t e s  t h a t  t h e  f l u i d  f lows upward near  t h e  heated wire  and d~wnward 
near  t h e  crys ta l -mel t  i n t e r f a c e .  There a r e  a n a l y t i c  s o i u t i o n s  of t h e  f l u i d  
f low and temperature equat ions  i n  which t h e  flow v e l o c i t y  is  v e r t i c a l  and t h e  
flow v e l o c i t y  and temperature a r e  func t ions  of t h e  r a d i a l  coord ina te  alone.  
The i n s t a b i l i t y  of a s i m i l a r  flow between two i n f i n i t e  v e r t i c a l  p l a t e s  has  
been reviewed by Gershuni and Zhukhovitskii  [12].  Recently, Choi and Korpel la  
[13] and Shaaban and Ozis ik  [ 1 4 ]  used l i n e a r  s t a b i l i t y  a n a l y s i s  t o  c a l c u l a t e  
t h e  c r i t i c a l  Grashof number f o r  axisymmetric i n s t a b i l i t i e s  of t h e  axisymmetric 
Ccl Id 1 
Fig. 1. A long vertical cylfndrical sample of succinonit~ile 
is heated by an electrical current through a coaxial 
vertical wire so that a vertical  melt annulus fonrc 
between the wire and the surrounding crystal-melt inter- 
face. a) below a critical Grashof number of circa TOO, 
the crystal-melt interface is cylindrical; b-d) , above 
the critical Grashof number, a helical crystal-melt ! 
interface forms; d )  multiple exposures show motion of 
the heltcal interface. 
flow described above occurring between two vertical, infinite, coaxial cylinders 
held  at  different temperatures. We have analyzed t h i s  in s tab i l i t y  problem by 
i 
l 
a nmerf cal technique different from that of references 13-14 for parameters 1 i 
more appropriate to  the experiments described in referenr~s 10 and 11. In 
t h i s  case, the flow between tuo  vertical inf in i te  conxiai cylinders is unstable I 
71 
- - 
-YI - -  
--41 
to an axisymmetric perturbation above a Grashof number of 2150 and the wave 
speed of this perturbation is comparable to the unperturbed flow velocity. 
In contrast, as illustrated in Figure 1 the experimental observations [lo-111 
with a crystal-melt interface indicate an asymmetric instability at a critical 
Grashof number of about 200 with a wave speed orders of magnitude less rhan 
the unperturbed flow velocity. Therefore, we have investigated the effect of 
a crystal-melt interface, which can change shape, on the stability of the 
flow between an infinite vertical cylinder maintained at a constant temper- 
ature and a coaxial crystal-melt interface. As will be describctd, tile presence 
of the crystal-melt interface leads to additional modes of instability. The 
lowest mode is asymmetric with a critical Grashof number less than 200 and 
with a critical wave speed two orders of magnitude less than the unperturbed 
flow. 
THEORY 
As illustrated in Figure 2 we consider a cylindrical coordinate system (f, T ,  
- - - 
z) such that the melt is contained i. the infinite annular region r < r 2 r 
- 
i -- SL 
- 
and the crystal is contained in the ~nfinite annular reglon r < r 5 r 
- - 
SL - SL -. Ls, 
where r is the radius of the inner cylinder (wire), r is the radius of i 
- - 
SL 
the unperturbed solid-liquid-interface, and (rsL + L ) is the outer radius of 
- - - s - -  
the crystal. We define = ; - r x = r. /rsL, L = L /L and a dimensionless SL i' 
- -  - - -  
1 s S 
coordinate system (r, 4 ,  z) = (r/L, $, z/L). Fur:her we measure temperature 
- - 
in units of AT, the diEference between the temperature at r = r and the i 
temperature of the unperturbed solid-liquid interface, time in units of Y2/v, 
and the fluid flow velocity in units of gay2~~/v, where g is the accelerati~n 
of gravity, which is in the negative z-direction, a is the coefficient of 
thermal expansion, and v is the kinematic viscosl;y. We define dimensionless 
fluid flow velocities (u u ) and dimensior~less temperature fields T and 
r z 
T in the melt and crystal, respectively. The unperturbed fluid floQ velo~ity 
S 
is in the z-direction and is a function of r alone; similarly the unperturbed 
temperature fields are functions of r alone. 
CRYSTAL 
t ' HEATING 
Fig. 2. Schematic illustration of the cylindrical geometry. 
We decompose the fluid velocities, temperature fields, and crystal-melt 
interface shape r into an unperturbed i.... L perturbed part, and assume that I 
the 9,  z, t dependences of the perturbed quantities are of the form F($, z, t) = 
exp [in4 + iwz + at], where n is an integer, w is a spatial frequency, and 
a = a + ia is a complex number which determines the temporal behavior of 
r i 
the systcm. If a >-  0 for any value of n and w, the system is unstable. We 
r 
write 
u = u (r) + WZ(r)F, 
Z 20 
where the subscript o denotes unperturbed quantities, and 6 is the amplitude 
of the perturbation of the solid-melt interface. The unperturbed fluid 
velocity is given by [13] 
with = (I-K~) (1-3~~) - 4K41nK)/i (1-K212 + (1-K4)1nK) and p = (1-~)r. 
The unperturbed velocity vanishes at the inner cylinder, r = ~/(1-K), and at 
the unperturbed crystal-melt interface, r = l/(l-K). In addition, the net 
flow vanishes, i.e., rhe integral of ru (r) from r = K/ (1-n) to r = l/ (1-K) 
20 
is zero. The unperturbed temperature fields are given by 
where T is the dimensionless temperature of the unperturbed crystal-melt 
e 
interface, and k and k are thermal conductivities of liquid and crystal, L s 
respectively (we assume that the unperturbed crystal is neither freezing nor 
me1 t ing) . 
We keep only terms linear in the perturbation quantities (Wr, Wm, Wr, T, Ts, 
and 5); the fluid dynamical and temperature equations are then (in the Oberbeck- 
Boussinesq approximation with viscosity 'xnd thermal diffusivity assumed 
constant) 
(D*D-A) WZ - +G (f +g) (Du ) + .T' - ib,p = 0 
ZO 
D*(f+g) + (n/r) (f-g) + 2idZ = 0 
where D = a/ar, D* = D + ( l / r ) ,  
The function p is the radial part of the perturbed dimensionless pressure, f = 
Wr + iW g = Wr - iW [15], G = gaL3~~/v2 is the Grashof number, P is the 4 ' $! 
Prandtl number (ratio of kinematic viscosity to thermal diffusivity K~ of 
the melt), and Ps = PK /K  with K the thermal diffusivity of the solid. The L s s 
temperature field T in the solid can be expressed in terms of Bessel functions 
S 
of order n with complex argument. The remaining equations fcr the fluid 
vnriables are equivalent to a system of eight first-order equations for W 
z' 
DWz, f, p, g, Dg, T, and Dl'. For n = 0, we have W = 0, f = g, and equations Q 
(lb-c) are equivalent to equation (le) so there are six first-order differential 
equations in the liar3.ables W Z, DWZ, f, P, T, and DT. 
The boundary conditions at the inner cylinder are the usual no slip and no 
normal flow; we take the temperature as constant, so that the perturbed 
temperature vanishes. Thus, at r = ~/(1-K) we have 
The boundary conditions at the crystal-melt interface rI are the usual solidi- 
fication boundary conditions [ 6 , 6 ] .  The no slip condition holds and the 
normal flow is such as to balance the density change on solidification. The 
temperatcre is continuous across the crystal-melt interface and is equal to 
the equilibrium temperature which depends on interface curvature through the 
Gibbs-Thomson equqtion. The n e t  hea t  f l u x  a t  t h e  i n t e r f a c e  balances  t h e  
evo lu t ion  of l a t e n t  h e a t  due t o  i n t e r f a c e  motion. 
It is  d e s i r a b l e  f o r  numerical purposes t o  set t h e  boundary cond i t ions  a t  t h e  
unperturbed i n t e r f a c e  ' r a t h e r  than a t  t h e  a c t u a l  crys ta l -mel t  i n t e r f a c e .  This  
i s  e a s i l y  done i n  l i n e a r  theory s i n c e  any func t ion ,  e.g., f ( r ) ,  evaluated a t  
r = r + 6F can be w r i t t e n  a s  f  ( r  ) = f  ( r  ) + (af/ar)GF, where rIo = I I0 I I0 
l / ( l - K )  and t h e  p a r t i a l  d e r i v a t i v e  i s  evaluated a t  r = r 10' P3ain,  f o r  
numerical purposes, i t  is  d e s i r a b l e  t o  e l imina te  T and 6 from t h e  boundary 
S 
cond i t ions  and w r i t e  them i n  terms of W f ,  g,  and T. When t h i s  i s  done, we 
2' 
have t h e  fol lowing l i n e a r ,  homogeneous, boundary condi t ions  a t  t h e  -nrer turbed 
crys ta l -mel t  i n t e r f a c e  
where E = (ps/pL)-1 wi th  pL and p t h e  d e n s i t y  of mel t  and c r y s t a l ,  r e s p e c t i v e l y ,  S 
wi th  y = T ~ I ' ~ C L ~ ~ / V ~ ,  where T i s  he melt ing po in t  of a p lanar  i n t e r f a c e  and M 
r i s  t h e  r a t i o  of crys ta l -mel t  s u r f a c e  tension and l a t e n t  hea t ,  Xv, per  u n i t  
volume, 
wi th  A = ~ ~ ~ a z ~ / ( k ~ ~ ) .  We assume t h a t  t h c  o u t e r  r a d i u s  of t h e  c r y s t a l l i n e  
annulus is  maintained a t  a f ixed  temperature so t h a t  t h e  per turbed temperature 
van i shes ,  i . e . ,  
The r a t i o  (DTs)/Ts, evaluated a t  r and appearing in t h e  d e f i n i t i o n  of a2, I0 
can be expressed i n  terms of Bessel  func t ions .  
For s u c c i ~ ~ o n i t r i l c ,  i t  is an excelJ.ent approximation t o  t a k e  t h e  thermal 
p r o p e r t i e s  of l i q u i d  aqd c r y s t a l  equal ,  i . e .  , kL = ks and P = Ps. Fur the r ,  
i t  is rr:asonable (and n ~ m e r i c a l  c a l c u l a t i o n s  have v e r i f i e d )  tha t h e  d e n s i t y  
change upon s o l i d i f i c a t i o n  and t h e  e f f e c t  of t h e  crys ta l -mel t  s u r f a c e  t ens ion  
a r e  no t  important .  Thus, s e t t i n g  kL = ks, E = 0, and y = 0, t h e  boundary 
cond i t ions ,  equat.ions (3a-d), reduce t o  t h e  fo l lowing:  
We n o t e  t h a t  i f  the  c o e f f i c i e n t  of 9' i n  equat ion (5c) is  s u f f i c i e n t l y  l a r g e ,  
then t h e  abo-;e boundary c o n d i t i a n s  f u r t h e r  reduce t o  f = g = WZ = T = 0, 
which a r e  i d e n t i c a l  t o  those  a t  a r i g i d  boundary ( see  eq. ( 2 ) ) .  
The numerical methjds used t o  so lve  t h e  l i n e a r  e igenvalue  problem def ined by 
t h e  d i f f e r e n t i a l  equat ions  [eqs.  ( I ) ]  and t h e  boundary cond i t ions  [eqs.  2-41 
a r e  s i m i l a r  t o  those  previously  desc r ibed  [ 8 ] .  We s e t  o = 0, anu vary G a ~ d  
r 
a keeping a11 orher  parameters cons tan t ,  x n t i l  we f i n d  a s o l u t i o n  of t h e  i' 
d i f f e r e n t i d  equat ions  s a t i s f y i n g  t h e  boundary condi t ions .  The program 
SUPORT [ ; 6 ]  i s  used t o  so lve  the  d i f f e r e n t i a l  equa t ions  anc! t h e  program SNSQE 
[17] is  used f o r  t h e  don-linear i t e r a t i o n  procedure. For t h e  c a s e  of r i g i d  
boundaries,  we have compared our r e s u l t s  f o r  G and a w i t h  n = 0 and P = 15 i 
t o  those  of Table 1 of Choi and Korpela [13],  who used a q u i r e  d i f f e r e n t  
nunerica? method; t h e r e  is agreement Lo about 1%. 
hXJY'ER1CA.L RESULTS 
We presen t  r e s u l t s  f o r  phys ica l  p r o p e r t i e s  a p p r o p r i a t e  t o  s u c c i n o n i t r i l e  f o r  
a r a d i u s  r a t i o  r = 0.02. We take  t - 0.25 em, and is = 1; f o r  s u c o i n o n i t r i l c  
1191 ..P have P 7 -b-, 
= Ps = . i2 .8 ,  E = 0.0283, y = 4.53 (I'-~), A = 1.017 (LU ,, and 
%/kg = 1.0. The Grashof number as a func-ion of t h e  s p a t i a l  frequency w is 
shown i n  Figure  3. We have found t h r e e  d i s t i n c t  odes of i ~ s t a b i l i t y .  two 
axisymmetric modes (n = 0) and an asymmetric mode (n = 1 ) .  The lowest  -rode 
i s  asymmetric wi th  a  minimum a t  w = 1.?5 wi th  G = 176 and ui = -0.977 (lo-*). 
The lower symmetric mode has  a  minimum a t  w = 1.45 wi th  G = 464 and a, = 
L 
-3.65(10-*) , whereas t h e  h igher  symmetric mode has  a  minimum a t  ij = 2.3 k i t h  
G = 2152 and oi = -43.7. I f  we t ake  y = E = 0, t h e  va lues  of G and ai  
chnnge by less than 0.1%. For t h e  remaining d i s c u s s i o n  wr: assume y = E = 0 s o  
t h a t  t h e  boundary c o n d i t i o n s  a t  t h e  unperturbed crys ta l -mel t  i n t e r f a c e ,  
equa t ion  ( 3 ) ,  reduce t o  equa t ion  (5).  The h igher  symmetric m ~ d e  i n  X g u r e  3 
i s  i d e n t i c a l  t o  t h a t  obta ined i f  t h e  c r y s t t l - m e l t  i n t p r f a c e  '.. .:eplaced 
by a  r i g i d  i s o t l ~ e r m a l  boundary, i.e., r ep lace  t h e  crys ta l -mel t  boundary 
c o n d i t i c n s ,  equat ion (5) ,  wi th  equat ion (2) .  For t h i s  mode, i n  f a c t ,  equa t ion  
(5) approximately reduces t o  equat ion (2)  s i n c e  t h e  f z  : to r  mult ipsyink T i n  
'-I, 
equat ion (5c) i s  very  l a r g e  compared L u n i t y ,  and hence T = 0 a t  t h e  s o l i d -  
mel t  boundary. Since  wi th  y = 0, d = -T/(DT ), i t  fo l lows t h a t  t h e r e  i s  very 
0 
l i t t l e  i n t e r f a c e  deformation i n  t h i s  mode. 
I n  c o n t r a s t  the  lower axisymmetric and t h e  asymmetric mode only occur who 
c rys ta l -mel t  boundary is presen t .  For these  modes thl. c o e r f i c i e n t  of T sv 
equa t ion  (5c) is  a  complex number of o r d e r  u n i t y  s c  t h a t  T and DT beconc tt1e 
same o r d e r  of magnitude. I n  t u r n ,  W <pea n c t  vanish  a t  t h e  unperturbed 
z 
crys ta l -mel t  i n t e r f a c e  [ s e e  eq. (5b) l .  
For t h e  remaining d i s c u s s i o n  we p a l l  t h e  h igher  symmetric mode L "convcr:tive 
mode" s i n c e  i t  involves  l i t t l e  i n t e r f a c e  defnrmation and occurs  wheii a r i3j .d 
boundary is  presen t .  The lower symmetric an.. .,.re asymnetric mode which would 
not  occur i n  the  absence f e i t h e r  f l u i d  f low o r  the crvstal-melt i n t e r f r < : e  
w i l l  be denotec' as "coupled modes." We eef i n e  a  d imensionless  wave  rel lo city 
s = -u,/(Gw) i n  u n i t s  of ("GI:) = 0.1041; cmr's s o  t h a t  - 0 s i t i v e  s i r d i c a t e u  
A 
Fig. 3. The Grashof nrrmber a t  t h e  onse t  of i n s t a b i l i t y  
a s  a func t ion  of t h e  s p a t i a l  frequency w of a 
s i n u s o i d a l  pe r tu rba t ion .  The n = 0 modes a r e  
axisyumetric while t h e  lowest  mode (n = 1 )  is  
asymmetric. 
wav.1: t r a v e l  :.ng upwards. I n e  rnu.!mum u n p e r t ~ r b e d  flow v e i o c i t y  is 8.2 (lo-') ; 
t h e  w v e  speec!s a r e  8.8 5.4 ( loe5),  and 4.1 (lo-') f o r  t h e  convective,  
couvled symmetric, and coupled asywnetric mcdes, r espec t iv? ly .  The wave 
speed f o r  t h e  corivective mode is approximately t h e  same a; t h e  maximum f law 
v e l o c i t y  [13!, whereas the  wave speed f o r  t h e  coupled modes a r e  two o r d e r s  of 
magni:i ' e  smaller than t h e  maximum f lew ve loc i ty .  It is i n t e r e s r i n g  t h a t  tho- 
crystal-mclt  transfol-mation, which involves  both me!ting and f r e e z i n g  wi th  
l a t e n t  heat  absorpt ion and evc lu t ion ,  can ovLy fol low t h e  r e l a t i v e l y  slow 
f l u i d  rnoiinns o; ti.. . oupled mode. 
We have carr ied out additional con,~utations with or # 0 t o  estimate how 
rapidly i n s t a b i l i i y  develops. With o- = 2 the asymmetric coupled 
L 
mode has a minimm a t  w = 1.4 with G = 205 and ui -1.06 !l%is 
Grashof number is 16% above the c r i t i c a l  Grashof number a t  the onset of 
i n s t a b i l i t y  ; the perturbation amplitudes would increase by an order of 
magnitude i n  a time of 1.15 (lo3) [2.77 (lo3) s = 46 min]. Thus, it takes a 
r e l a t ive ly  long time for  the i n s t a b i l i t y  t o  develop. Further, calculat ions 
indica te  tha t  the dimensional time fo r  an i n s t a b i l i t y  t o  develop is rougidy 
proportional t o  z5. Even I, = 1 cm would resu l t  in such a slow development of 
the i n s t a b i l i t y  a s  t o  b t  unobservable over several days. 
A more detai led study over a wider parametric range w i l l  be presented in a 
fu ture  publication. W e  remark tha t  the coupled mode of i n s t a b i l i t y  occurs 
f o r  planar solid-melt interfaces,  e.g., let K -+ 1. In t h i s  case, of course, 
there is no d is t inc t ion  between symmetric and asyametric nrodes. 
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Task 3 
Measurement o t  High Temperahre  Themaphy3ical  P r o p e r t i e s  
o f  Tungsten Liquid and So l id  
D. W. Bonnell  
Mate r i a l s  chemistry Divis ion 
Center f o r  M a t e r i a l s  Science  
With t h e  end of  phase two experiments,  it h a s  been necessarv  t o  
r e a s s e s s  s t r a t e g y  and cons ide r  a l t e r n a t i v e  experimental  approaches. The 
most premising immediate l i n e  has  been i d e n t i f i e d  a s  improving t h e  - 
mechanic: of ca lo r imete r  opera t ion.  A complete p lan  f o r  achieving t h i s  
improvement has  been propased, and a subse t  of t h e  preoosal  implemented. 
Actual  t e s t i n g  of  t h e  new design h a s  bcon c a r r i e d  ou t  and was q u i t e  
success fu l ,  wi th  12 samples being s u c c e s s f u l l y  dropped, f o u r  i n  a n e a r l y  
molten state. Only one c o r r e c t a b l e  f a u l t  i n  t h e  g a t e  l inkage  was found 
and is being r e c t i f i e d .  
A new procedure has  been developed f o r  f a b r i c a t i n g  samples which is 
l e s s  expensive and more convenient .  About 20 samples a r e  now a v a i l a b l e .  
Th i s  method of f a b r i c a t i o n  was developed i n  NBS' shops and c o n s i s t s  of  a 
g r ind ing  process  t o  g ive  c lean  ~ p h e r . > ~ d a l  specimens s1.25 cm in diameter .  
The l a r g e r  sample has  been t e s t e d  s u c c e s s f u l l y  a t  GE. The h r g e r  s a n p l e s  
a r e  expec.ted t o  p rcv ide  improved s t a b i l i t y .  
A complete system automation plan has  been developed which w i l l  a c t  
a s  a model f o r  f u t u r e  f l i g h t  based systems a s  we l l  a s  being a guide  f o r  
improvements t o  t h e  cur ren t  system. D e t a i l s  of t iming,  required hard- 
ware and computer dev ices  a r e  d i scussed ,  and a sketch of so f tware  re-  
quirements is  g i ren .  
C j r r e n t  p lans  a r e  t o  schedule  a new experimental  s e r i e ~  as soon a s  
possji31e. Rice is br ingivg a neu studen: on board who has  a l ready  heer 
acquainted with t h e  experimental  problems and apparatus .  
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INTRODUCTION 
The evaluation of experimental procedures used i n  the  i n t e r ac t i on  
between the  General E l ec t r i c  Advanced Applications Laboratory (GE) and 
Rice University (Rice) t o  measure high temperature enthalpy increments 
f o r  l i qu id  and so l id  sungsten has bee11 t h ~  primary aim of t h i s  task.  
Coupling of GE's unique apparatus IWouch, 1978) f o r  l e v i t a t i n g  and m e l t -  
ir.3 tungsten with Rice's exper t i se  i n  high temperature measurements with 
i soper ibo l  calor imeters  used i n  conjunction with l e v i t a t i o n  hea t ing  
[Chaudhuri, et  a l . ,  1970; Treverton and Margrave, 1971 a,  b; Bonnell, 
19721 has been expected t o  provide the  means t o  measL1re he r to fo re  esti- 
mated thermophysical p roper t ies  of tungsten. 
The lcca t ion  of cungster. a t  the  extreme upper end of the  melting 
poin t  s c a l e  of metals and elements provides a unique point  f o r  any cor- 
r e l a t i on .  Currently, questions such a s  the na ture  of the  l i qu id  state 
hea t  capaci ty  function, o r  even values of l i qu id  heat capaci ty ,  &re only 
answered by estimates.  A re via^ of t h e  s t a t e  of experimental da t a  f o r  
t he  heat  of fusion of tungsten [Bonnell, 19811 ind ica tes  the  bes t  value 
is st i l l  ~ n c e r t a i n  by perhaps 50 percent, not s i g n t f i c a n t l y  b e t t e r  than 
an estimate.  
A va r i e ty  of t heo re t i ca l ,  c o r r e l a ~ i v e  and p r a c t i c a l  appl ica t ions  
await 4 i r e c t l y  measured r e l i a b l e  da ta  f o r  t he  fundamental thermodynamic 
qu,:.~tities of heat content an t  heat  and entropy of s ion f o r  tungsten. 
The importance of t h i s  e f f o r t ,  i n  s p i t e  of experiaental  d i f f i c u l t y ,  is 
s t i l l  c lear .  The d i f f i c u l t y  of ltoasurement by any technique is w e l l  
recognized. This e f f o r t  represents  t he  dividing l i n e  between experi-  
ments whict can be performed i n  the  t e r r e s t r i a l  environment, and those 
which requi re  t he  advantage of no grav i ty  t o  accomplish. 
DISCUSSION 
Details of t h e  plan f o r  automation are now i n  a cond i t ion  where an  
i n t e g r a t e d  approach is c l e a r  and n a t u r a l .  The component a r e a s  are: (1) 
pyrometer; (2) window cor rec t ion ;  (3) ca lo r imete r  d a t a  a c q u i s i t i o n ;  (4) 
ca lo r imete r  operat ion;  and (5) RF and e-beam power. The techniques f o r  
accomplishing items (1) and (2, &ave been developed and repor ted  on 
e a r l i e r  [Bonnell, 19811. e a r l i e r .  Although it is probable t h a t  some 
vers ion  of t h a t  system w i l l  b e  necessary t o  o b t a i n  p r e c i s e  temperatures 
above t h e  mel t ing F-*int  of tungsten,  we a n t i c j p a t e  t h e  major i ty  of d a t a  
w i l l  be obtained a t  t h e  mel t ing po in t  i n  t h e  next series of experiments 
and we have adequate techniques f o r  hand c o r r e c t i n g  i q d i v i d u a l  drops.  
Experience has shown, however, t h a t  manual mul t i co lo r  pyrometry is n o t  
f e a s i b l e  witn t h i s  system, and b r i g h t n e s s  temperatures w i l l  be  t h e  prime 
mode of temperature determination.  
Due t o  more s e r i o u s  problems, t h e  a c t u a l  implementation of t h e  
pyrometry automation has been defe r red  [Frus t  and Stockoff ,  19811. A 
major p r o b l ~ m  is t h e  i n a b i l i t y  t o  c o n t r o l  t h e  sample, as it l i q u i f i e s ,  
w e l l  enough t o  provide a c c n t r o l l e d  drop i n t o  t h e  calo+imeter.  I n  a few 
ins tances ,  when t h e  ca lo r imete r  w a s  not  a t t ached ,  it has  been p o s s i b l e  
t o  l i q u i f y  tungsten.  This is a dynamic process,  r equ i r ing  a s k i l l e d  
opera to r  t o  balance hea t ing  r a t e  ( a s  power inpvt from t h e  e-beam hea t ing  
system) and f l o t a t i o n  po in t  i n  t h e  c o i l .  Recc-~ered melted samples were 
r e s o l i d i f i e d  as soon as  molten. A sample was melted r e c e n t l y  which, 
on inadver tant  r e l e a s e ,  f e l l  t o  t h e  bottom of a 1 meter drop tube and 
splashed,  g iving a myriad of t i n y  spherules .  This event e s t a b l i s h e s  t h e  
f e a s i b i l i t y  of t h e  erperiment,  and answers t h e  q u e s t i r n  3f whether 
l i q u i d  drops can be made. The z n a l y s i s  is based on an i n t e g r a t e d  form 
of t h e  r a d i a t i v e  l o s s .  
Asstune t h e  sample is a body of  s u r f a c e  area A and t o t a l  hemispher ic  
e m i s s i v i t y  ET. Ac a tempera ture  T, t h e  r a d l a t i v e  h e a t  l o s s  f o r  t h e  
sample, dH* d u r i n g  time d t  is g i v e n  by t h e  Stephan-Boltzman l a w  c 
r 
-1 -2 -4 
where 0 = 5.67032 x lo-'' j o u l e  s e c  cm K (1.35524 x lo-'' c a l o r i e  
-1 -2 -4 
s e c  cm K ) [Cohen and Taylor ,  19731 is t h e  Stephan-Boltzman r a d i a t i o n  
c o n s t a n t .  The c o r r e c t i o n  t o  (1) due  t o  t h e  f a c t  t h a t  r a d i a t i o n  a c t u a l l y  
o c c u r s  t o  non-zero tempera ture  su r round ings  is less than  one p a r t  i n  13 5 
ahove 3000 K and w i l l  be  ignared .  Le t  C* b e  t h e  t o t a l  c o n s t a n t  p r e s s u r e  
P 
12at c a p a c i t y  f o r  a sample of mass m. Ther! 
Combining (1)  and (2)  g i v e s ,  on rearrangemt 
Now assume t1.1at C* is independent  of tempera ture  and t h a t  t h e r e  a r e  no 
P 
t empera tu re  g r a d i e n t s  i n  t h e  body. The f i r s t  assumption is c o n s i s t a n t  
w i t h  a l l  exper imenta l  ev idence  f o r  l i q u i d  r e f r a c t o r y  metals. The second 
is  reasonab le  f o r  lif- l i d s ,  i n  view o f  t h e  e l ec t romagne t i c  s t i r r i n g  of  
t h e  melt and good thermal c o n d u c t i v i t y  of t h e  sample. T h i s  should  n o t  
c a u s e  an  e r r o r  of  ore than  a few pe rcen t  even where ( a s  i n  l e v i t a t e d  
s o l i d s )  n o t i c a b l e  g r a d i e n t s  (2.50 K )  have been o h s e r - ~ e d .  With t h e  i n i -  
t i a l  . :ondit jons t h a t  3t t = 9 ,  T = TG, t h e  i n i t i a l  sample t empera tu re ,  
(3) may be i n t e g r l t e d  from T t o  T corresponding  t o  time from 0 t o  t .  0 
Solving f o r  t h e  f i n a l  temperature g ives  
Equation (4) can be  s u b s t i t u t e d  i n t o  (2) t o  g ive  t h e  t o t a l  hea t  l o s s ,  
AH*, i n  t i m e  t a s  
r 
where 
The express ion i n  b r a c k e t s  i n  (5) may b e  expanded by t h e  binomial  fo r -  
mula US 
Taking only  t h e  l ead ing  term of t h i s  express ion,  equa t ions  (5) and (6) 
reduce t o  
~ h i c h  is t h e  i n t e g r a l  of (1)  assuming cons tan t  temperature.  
From cquation ( I + ) ,  we csn es t ima te  t h e  degree  of undercooling 
tchievable wi th  t h e  G. E. appara tus .  The sample was 2.10 gms of 17.6 gm/cc 
[Smithel lo  and Brandes, 19761 tungsten.  The drop d i s t a n c e  is  %1 meter 
(t"0.45 s e c ) .  C* is 0.46 c a l o r i e s  assuming t h e  Hul tgren,  e t  a 1  [I9731 
P 
es t ima te  f o r  C (1 )  = 8.5  c a l  r..vle-'*~-~. Th i s  e s t ima te  may be i n  e r r o r  
P 
by 10-23 percent  o r  more, but  should t o t  lead t o  an er roneous  conclus ion 
i n  t h i s  case .  The miriimum temperature a t  drop is t h e  mel t ing  p o i n t  of 
tu rqs ten .  The va lue  of Ceza i r l iyan  [1972] of 3695 K is t h e  c u r r e n t  b e s t  
e s t imate  f o r  Till ( tungsten)  and is considered more r e l i a b l e  than the 
JANAF [I9661 value.  Tnis v a l u e  is i n  e x c e l l e n t  agreement wi th  t h e  
average a£  i n v e s t i g a t i o n s  s i n c e  1960 [Ceca i r l iyan ,  19791 . The va lue  of 
E is es t imated by ex ' t rapola t ion from d a t a  reviewed by Smithel l  [Smith- ? 
e l l  and Braades, 19741. d f t h  t h e s e  d a t a  Tfinal is obtained from equa- 
t i o n  (4) as 3476 K, an  under cool ing of 2 6  percent .  Th i s  i s  c e r t a i n l y  a 
reasonable  value ,  we l l  wi th in  accepted l i m i t s  of supercool ing [Perepezko, 
19801. Th is  es t imate  ignores  o t h e r  l o s s  modes, such a s  conduction 
( n e g l i g i b l e  i n  vacuum) and m a t e r i a l  l o s s  due t o  vaps r iza t ion .  The 
l a r g e s t  e r r o r  (except f o r  C and E uncer ta in ty )  is an  over-estimation 
P T 
i n  t h 2  assumption of s p h e r i r i t y ,  wk'ch is  considered t o  be n e g l i g i b l e .  
CALORIMETER OPERATION 
The d a t a  a c q u i s i t i o n  system c u r r e n t l y  attacl.ed t o  t h e  ca lo r imete r  
i s  a reasonable  stand-alone system. With 5 t s  i n t e r f a c e ,  it ~ r o v i d e s  
300 Raui RS232 s e r i a l  output  of t h e  s i x  d i g i t  temperature of t h e  c a l o r -  
imetei  block a t  t h e  thenltcmeter1s clocked update per iod.  The format was 
c a r e f u l l y  designed t o  hllow d i r e c t  a c q u i s i t i o n  and use  by a te le type-  . 
l i k e  device  o r  t o  a l low i n t e r f a c i n g  t o  a computer p o r t .  
The ca lo r imete r  g a t e  mechanisms have been t h e  sub jec t  of develop- 
ment i n  t h e  pas t  ycar .  When i t  became c l e a r  t \ a t  manual opera t ion  would 
n c t  achieve a success fu l  l i q u i d  drop except by extreme good f o r t u n e ,  
a l t e r n a t i v e s  were cansidered.  Figure 1 shows a ske tch  of proposed 
modi f i ca t ions  t o  t h e  ca lo r imete r  j acke t  znd s h i e l d  assembly t o  solvk 
t h i s  prob1.er.l. The s a l i e n t  f e a t u r e s  are (1) an o p t i c a l  drop d e t e c t i o n  
technique; (2 )  pass ive  o p t i c a l  and e l e c t r o n  beam sh ie ld ing ;  (3) a power- 
ac tud ted  r a d i a t i o n  s h i e l d ;  (4) an extension of t h e  ca lo r imete r  j acke t  t o  
behave a s  a sh ie ld ,  with a  thermometer t o  de t ec t  f a i l e d  drops; (5) a 
power-actuated block gate ,  (6) and a  thermal shunt mechanism. 
The o p t i c a l  drop de tec tor  is t h e  prime item i n  t he  system. Thc 
choice of o p t i c a l  de tec t ion  was made because i t  seemed t o  impose t h e  
l e a s t  r e s t r i c t i o n s  on fu tu re  samples while r e t a in ing  the  non-contact 
q n a l i t i e s  of l ev i t a t i on .  The primary problem ant ic ipa ted  was t he  f a c t  
t h a t  a  tungsten sample is  r ad i a t i ng  more than 1000 wat ts  a t  its melting 
point ,  with a  subs t an t i a l  port ion i n  t h e  near IR and v' isible.  The 
movement of t he  sample causes considerable f l i cke r ing  i n  t h e  chamber. 
Even with good collimation, It was unclear how l i k e l y  f a l s e  t r igger ing  
would be with d simple photo-diode de tec tor .  One p o s s i b i l i t y  would be  
t o  provide ax op t i ca l  t r a p  encompassing the  f i e l d  of view of the  diode 
a s  suggested i n  f i gu re  1. A second e f f o r t  suggestion was the  use of an 
ordinary interrupted l i g h t  beam, encoding the  l i g h t  beam by modulating 
it a t  a  r e l a t i ve ly  high frequency (ca.  1-10 KHz). Then de tec t ion  by a  
synchronous de tec tor  wovld provi.de t he  necessary i so l a t i on .  This is, 
however, a  r e l a t i v e l y  expensive and complex so lu t ion ,  and the  simpler 
one w o ~ l d  be  preferred. The ac tua l  implementation a t  GE u t i l i z e d  a  4 mm 
g l a s s  l i g h t  pipe with a  small tantalum nose piece shaped t o  give z 
roughly horizontal  s l i t  entrance aperture .  The opening is  located below 
t h e  work c o i l  and is shaded from the  sample by it. Bench t e s t s  implied 
t h a t  t h i s  arrangement would y i e ld  a  s igna l  t o  noise  t r i p  point  of t he  
order of 10: l .  That is  t o  say, i f  a  sample a t  Tm (tungsten) = 3695 K is 
the  se lec ted  t r i p  point ,  t he  r r igger  wouid no t  t r i p  t o  a  l i g h t  source 
from a sample a t  a  tc.nperature below Q2500 K ,  and the  sample would have 
t o  be a t  a  temperature of 5000 K ,  before  s t r a y  l i g h t  would t r i p  t h e  
t r i gge r .  To achieve t h i s  r e j ec t i on ,  i t  was necessary t.o sh i e ld  t he  
l i g h t  pipe from grazing l i g h t  which ac tua l ly  c ~ n s t i t u t e d  t he  most se r ious  
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spur ious  t r i g g e r  source.  Mr. Brian Stephenson of Rice and myself d i d  
t h e  f i n a l  t e s t i n g  and adjustment of t h i s  device  at  GE. A d i r e c t  map of 
t h e  appara tus '  response t o  a  bench l i g h t  source  was done t o  s e t  t h e  t r i p  
r e l a t i v e  t o  t h a t  lamp. Since  t h e  required gain  change f o r  t h e  tungsten 
experiments required dec rease  i n  s e n s i t i v i t y  of t h e  o rde r  of 1000-fold, 
i t  was necessary  t o  i n v e s t i g a t e  t h e  c i r c u i t  ga in  func t ion  t o  c e n t e r  t h e  
response  a t  t h e  d e s i r e d  temperature.  The g raz ing  incidence l i g h t  rec-  
ponse problem was solved by an overlapping s p i r a l  wrap of copper f o i l  on 
:he l i g h t  p ipe .  A s e r i e s  of tests were c a r r i e d  o u t , o n  t h e  t r i p  mechanism 
i n  s i t u  wi th  a c t u a l  tungsten samples. I n  12 drops ,  t h e  mechanism t r i p p e d  
a t  each drop and never f a l s e  t r iggered .  
The o r i g i n a l  g a t e  suggest  ions  ( s e e  f i g u r e  1 )  recommended r o t a t i n g  
g a t e s  d r iven  by s p r i n g s  with a  solenoid  and pawl mechanism t o  r e l e a s e  
t h e  g a t e s .  The t ime between drop d e t e c t o r  a c t u a t i o n  and a r r i v a l  of t h e  
sample a t  t h e  ca lo r imete r  is W.3 second. The a v a i l a b l e  d j -s tance  t o  t h e  
f i r s t  g a t e  l o c a t i o n  c u t s  t h i s  rime t o  W . 1  second. A r o t a t i n g  g a t e  is 
t h e  s imples t  way t o  achieve such s h o r t  opening t imes wlchout l a r g e  
f o r c e s .  However, GE, u s ing  commercial r o t a r y  so leno ids ,  devised an 
e n t i r e l v  d i f f e r e n t  opera t ing  -.~echanism, which involved only  t h e  s i n g l e  
e x i s t i n g  s i n g l e  mechanical feedthrough and opera ted bo th  g a t e s  wi th  a  
s i n g l e  l inkage.  The a v a i l a b l e  to rque  from t h e  r o t a r y  solenoid  is high 
enough t o  open bo ,h  g a t e s  i u  t h e  necessary  time. The problems wi th  t h i s  
des ign  a r e  (1)  a thermal i s o l a t i o n  element must be  p a r t  of the  g a t e  
l i n k a g e  and ( 2 )  t h e  drop-leaf opera t ion  of t h e  main rad ia t io r ,  gace does 
n o t  a l low t h e  extension of t h e  j a c k e t  above t l ~ a  ca lo r imete r  a s  a  col -  
1ima.tinq s h i e l d .  (See f i g u r e  1 ) .  The l i v e  t e s t s  showed t h a t  t h e  the r -  
mal i s o l a t i o n  l i n k  was a  weak des ign po in t .  GE is now redes ign ing  t h i s  
item. The co l l ima t ing  s h i e l d  is probably not  a b s o l u t e l y  e s s e n t i a l ,  and 
t h e  s h i e l d  mechanit f o r  t h e  g a t e  provides  some pro tec t ion .  Fur the r  
t e s c i n g  w i l l  b e  required t o  determine if h e a t  from t h i s  source  is a 
problem. The a d d i t i o n a l  problems ir x c t t i n g  t h e  des ign of Figure  A 
sequencing proper ly  i s  a gocd a-gument f o r  t h e  redes ign.  Mr. Daniel  
Rutecki of GE i s  t o  b e  complcmenred on h i s  ingenui ty  and understanding 
of  t h e  requirements of t h e  FI. jat jon i n  conver t ing my i n i t i a l  des ign 
i n t o  working hardware. 
Tht e n t i r e  new s y s t e d  has been t e s t e d  f o r  f u n c t i o n a l i t y  a t  GE wi th  
tungsten s u m p l ~ s  a t  t h e  mel t ing po in t .  Four samples were p a r t i a l l y  
mol te r ,  and one, which was held  momentarily a t  l i q u e f a c t i o n  appeared t o  
have been more than 80 percent  molten on inadver tan t  l o s s .  This success  
is a s  good a s  a l l  our previous e f f o r t s ,  and r e p r e s e n t s  a success  r a t i o  
very  much higher  than any previous  e f f o t .  
The r e s t  of t h e  f e a t u r e s  of t h e  des ign of f i g u r e  1 have not y e t  
Seen implemented. The thermal shunt deserves  some mention. A s i g n i f i -  
c a n t  problem i n  high temperature d rcp  ca lo r imet ry  is cyc l ing  t h e  system. 
W h e r ~  vacuum i n s u i a t i o n  i s  concerned, t h e  d r i f t  r a t e  of t h e  c a l o r i m e t e r  
must r e q u i r e  hours t o  r e t u r n  t o  s t a r t i n g  cond i t ions .  Normally, t h i s  i s  
n o t  a problem, a s  i t  is necessary  t~ dismount t h e  c a l o r -  - t e r  t o  weigh 
t h e  dropped specimen. it is a simple mat te r  t o  a d j u s t  t h e  b lock t o  
s t a r t i n g  tempdrature cond i t ions  a t  t h i s  time. However, i n  t h i s  system, 
a , a i l e d  drop r e q u i r e s  dismounting a s  wol l ,  j u s t  t o  avoid t h i s  s e v e r a l  
hour wai t .  Under t h e  b e s t  of cond i t ions ,  a rt7n r e q u i r e s  about two hours  
from dro? t o  dismount. Dismount time is about one hour.  A high con- 
ductance thermal l i n k  which could be  made 'etween t h e  j acke t  and block 
could shor ten  t h i s  t h r e e  hour turnarcund ccns ide rab ly  i n  t h z  c a s e  of 
*- . - - -  .. . 
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f a i l e d  drops.  I n  t h e  des ign shown, i t  a l s o  seems f e a s i b l e  t o  incorpor-  
a t e  t h e  post  drop weighing process  with the  thenaa l  shunt.  I f  t h e  -* 
thermal shunt contained a s e n s i t i v e  load c e l l ,  it would be p o s s i b l e  t o  
l i f t  jilst t h e  cup t o  o b t a i n  ,he weight.  Commercial vendors e x i s t  who 
can supply remote weighing dev ices  with t-he necessary  1 mg o r  b e t t e r  
.: 
I 
s e n s i t i v i t y  f o r  loads  of more than  ,he s200 gm of t h e  sample cup. These 
. .a 
f e a t u r e s  a r e  considered highly  d e s i r a b l e  t h e  f u l l y  automated system. < 
I 
i 
SYSTEN AUTOMATION 
Figure  2 shows a block schematic of t h e  suggested automated com- 
p u t e r  system. 'This i s  a s t ra ight- forward actc;mation problem whi.ch 
should be implemented wi th  off-the-shelf  hardware. From the  hardware 
viewpoint, t h e  ex te rna l  input /output  (110) s t r u c t u r e  is most ir lportant  . 
Figure  2 breaks  t h i s  down t o  t h e  s i g n a l  l e v e l  and organizes  i t  i n  terms 
of  T/O types.  Analog input  s i g n a l s  a r e  charac te r i zed  by r e s o l c t i o n  and 
d i g i t i z i n g  speed. The only s i g n a l  r e q u i r i n g  any r e a l  speed is  OBJECT 
DETECTOR INTENSITY and then only i f  computer sof tware  is t o  r e p l a c e  t h e  
comparator l o g i c  c u r r e n t l y  being used. Assuming t h e  d e t e c t o r  is loca ted  
1 . 5  cm below t h e  sample l e v i t ~ t i o n  c o i l ,  t h e  sample w i l l  be i n  t h e  3:ew 
p o i n t  of t h e  d e t e c t o r  f o r  20.016 sec  wni le  f a l l i n g .  Assuming s e v c r a l  
obse rva t ions  a r e  necessary  t o  t r i g g e r  r e l i a b l y ,  a  sampling r a t e  of 
%250 Hz is  requ i red .  The PYROMEILK SIGNAL is updated a t  t h e  camera 
frame r a t e ,  %30 Hz i s e e  Bonnell ,  1981 f o r  d e t a i l s ] .  The maximum res-  
o l u t i o n  requtred is i n  JACKET TEMPERATURE and PYR,. !ETER SlGNAt. The 
a m p l i f i e r s  and t r a c k  and hold f o r  t h e  PYROMETER SIGNAL need be ,? table  t o  
no b e t t e r  than 1:2000, s o  twelve b i t  b i p o l a r  d i g i t i z a t i o n  is m j r -  than 
adequate.  These requirements a r e  now w e l l  w i t h l n  t h e  s t a t e -o f - the -a r t  
f o r  monolithi,- analog-:o-digital. conver te r s .  In f a c t ,  a  si,.gic mul t i -  
plexed conver te r  such as t h e  Analog Devices AD363 system [Analog 9 e v i c e s ,  
92 
19801 a 16 channel multiplexed,  30 KEIz, 12 b i t  system, i a  q v i t e  ade- 
quate.  Assuming a computer witb a 3~ b i t  word (and i n r t r u c t i o n  c y c l e  
time) of one MHz, and an interz. .pt  d r iven  1 / 0  r o u t i n e  of 100 ins t ruc -  
t i o n s  and overhead of 1 2  i n s t r u c t i o n s  per i n t e r r u p t ,  a l l  seven channels  
can b e  serviced a t  a 1 KHz r a t e  u t i l i z i n g  only twenty percent  of machine 
capac i ty .  Having t h e  OBJECT DETECTOR INTE;iSI'I11 input  ?.:. e.;y c!i;mel 0 
and 4, a  s a ~ ~ p l e  r a t e  of 1 KHz f o r  e i g h t  channels cause6 :?I.= 0535CT 
DETECTOR INTENSITY t o  be sampled a t  250 Hz,  and a l l  otl.,-..r s i g n a l s  a t  
$ 
125 Hz. This woliid r e q u i r e  n 16 b i t  (o r  2-8 b i b )  b i d i r e c t i o n a l  para l -  k 
6 
l e l  p o r t  t o  handle channel address ing,  hand shaking and t r a n s f e r ,  and a 2 
-: 
real - t ime timer t o  c lozk t h e  acquisit:!on. The assumption of 100 ins t ruc -  .i 
t i o n s  f o r  t1.e I!O loop sssumea a s e l f  t r i g g e r e d  acqui.si t ion sybtem. -2 
considerable  s a f e t y  f a c t o r  i s  included i n  these  es t imates ,  a s  t h i s  
sampling r a t e  would provide Q4C s a a p l e s  over t h e  f a l l i n g  b a l l ,  and four  
readings  of each sanple  of t h e  n-romzter. 
The P a r a l l e l  110 channel i s  usc2r- Tor re fe rence  and . m t r o l  informa- 
t i o n .  Eight aper tu re  s i z e s  and eigt:t 5274 pass f i l t e r s  is q u i t e  ade- 
quate  t o  ptavidc mui t ico lo r  pyrcmetry f sr the temperature rai-de requlred . 
A simple binarv cod15d switch c,n t h e  WItITURL SIZE and t h e  FILTER C 
s h a f t s  ( s e e  Ednnell ,  193i  f*.,r pyTomeiP~ s y t e m  .ietii!ls) provide a b s o l u t e  
p o s i t i o n  i n d i c a t i o n  wj th  .I,? opera to r  i u i t i a l i z a t i c .  INDlTCTIOII HEAT STATE 
and ELECTRCN BBMi STATE a r e  indicatoxb ~s t o  t h e  on/off  3tacus :f t h e  
two keat ing u n i t s ,  al lowing processing cod? t o  correc  f cz  3f:acts due 
t o  t iese power sources .  The SHIELD TEMPXQY'JRE, T.NDS'CTION :,WEK, ana 
ELECTRON SEAM POWEF: p o v i d e s  f o r  cor rec t ion  of t h e  :eaicagc r a t e  t o  t h e  
ca lo r imete r  by accouqt inr  f o r  s . r o n g  e-beam and induct ion e f f e c t s .  This 
information w i l l  be s t o r e d  wi th  t h c  cal  orimetor temperature f o r  f i n a l  
da ta  reduction. As these  e f f e c t s  have not  been neg l ig ib l e  i n  t he  pas t ,  
cor rec t ions  a r e  necessary. 
The timing on processing t h e  p a r a l l e l  port  is keyed t o  the  pyro- 
metry f i l t e r  ac t ion ,  and should involve processing of t he  order  of 
25 percent of t he  A-to-D machine overhead. The P a r a l l e l  110 channels 
a r e  t o  be processed a s  a t a s k  syncronous with PYROHETER SIGEIAL and would 
be  scheduled f o r  reading on t h e  completion of an aper ture  o r  f i l t e r  
change . 
Stepping the  aper ture  and f i l t e r  wheels could be done d i r e c t l y ,  but 
t h e  timing required is of t h e  order of t he  A-to-D sample t i m e .  To be 
spec i f i c ,  i f  e ight  aper tures  a r e  ava i lab le  and eight  f i l t e r s  a r e  i n  use,  
it is  des i r ab l e  t o  expect t o  use a d i f f e r e n t  f i l t e r  t o  acquire  a d i f -  
f e r en t  c ~ l o r  temperat a t  each reading of the pyrometer s igna l .  A 
30 Hz update r a t e  on t h e  pyrometer s igna l  implies a 30 ti= f i l t e r  (and 
aper ture ,  i f  necessary) change ra te .  Eight f i l t e r s l a p e r t u r e s  mounted on 
2 wheel requi re  25 s teps 'of  a nominal 200 step/revolut ion s tepper  motor. 
Typical small stepping motors a r e  capable of averaging 3000 s t eps l s ec  
with proper ramping. Ar t h i s  r a t e ,  a f i l t e r  can be changed between 
pyrometer reading updates. Considering the  other  processing zxpected of 
t he  ccinputer, and t h ~ .  inexpensiveness of i n t e l l i g e n t  ste:,per d r i v e r s  
with firmware ramping, It is proposed t o  use devices such a s  t he  Cyber- 
c c t i c  f:icro Systerr. CY512 [CMS 19821 s tepper  system which is capable of 
in2ependent automatic operat ion of t he  stepping motors. With t h i s  
system each s o t o r  can be f u l l y  programed and operated v i a  a standard 
elgnt  o i ~  p a r a l l e l  port  with handshake l i ne s .  An ac tua l  movement is 
invoked by sending a seven b i t  code (e.g., ASCII "DM). This is t o  be 
gated t y  an ex te rna l  enable timer s t a r t e d  by the  pyrometer frame clock 
and opt8r! fo r  the  dead time allowable u n t i l  the s tepper  cannot be  s t a r t e d  
P 
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l and complete the  laovement before  the  pyrometer reading is updated. This 
I 
I tr ial-and-error set up is not e s sen t i a l ,  but provides insurance i n  the  
case  where changes i n  coding cause a running system t o  exceed CPU re- 
sources. When set up i n  t h i s  way, t he  i n t e r rup t  rou t ine  would, on 
recognizing the  pyrometer t r ack  and hold l a t ch ,  start the  t a sk  t o  s t e p  a 
I 
f i l t e r  (and aperture ,  a s  necessary), and, on checking the  APERTURE SIZE 
aird FILTER NUMBER on r ece ip t  of PYROHETER SIGNAL, d e t e ~ s i n e  t h a t  t he  
f i l t e r  was i n  place a t  da t a  acquis i t ion  time. This add i t i ona l  code w i l l  
run i n  i n t e r rup t  mode and should e a s i l y  f i t  i n  one of t h e  e igh t  A-to-D 
time s l i c e s ,  thus using about th ree  percent of ava i l ab l e  CPU time a t  4 3 
worst. 1 - 1 - 
* 
The RELAY CONTROL channel is i n  a c t u a l i t y  a b i t  p a r a l l e l  por t  with h 
. 1 
a t  l e a s t  four high speed "relay" closures  under computer cont ro l .  Speed 
. . 
requirements should be  b e t t e r  than the  read rate of the  OBJECT DETECTOR 
INTENSITY, since ac t ions  such a s  ga te  re iease ,  e-beam enable,  etc. may 
. , 
need t o  be acco~p l i shed  i n  t h i s  time frame. The contac ts  should be 5 %  
capable of 1-3 amps. The funct ions a r e  s e l f  explanatory, with t h e  
r e l ays  being i n  series with mechanical switches f o r  INDUCTION HEAT, E- 
BEAM EKABLE and RADIATION GATES UNLOCK. The SAMPLE RtZEASE re lay  
p a r a l l e l s  t he  manual r e l ea se  and a b i t  should be set f o r  r e tu rn  by the  
.manual switch i f  t h e  sample is manually released. 
The W-ERMAL SWNT was discussed e a r l i e r ;  the  a c t u a l  a c t ~ a t i n g  
mechanism could be a solenoid, a small pneumatic o r  hydraulic cyl inder  
o r  a mechanical linkage. The maximum throw should not  need t o  be more 
than 1/2", as the  calor imeter  block could be  hollowed out  t o  accomodate 
a sha f t  t o  l i f t  the  cup f o r  weighing. A t i ny  pneumatic cyl inder  is 
prsbably the  most convenient i t e m .  Note t ha t  weighing could occur 
during the thermal shunt operation. 
95 
The SERIAL I f 0  channels a r e  simple RS232 protocol ASCII coded 
channels. Each channel should be capable of any normal BAUD rate be- 
tween 110 and 9600, e spec i a l l y  t o  include 300 BAUD, 1200 BAUD and 
9600 34UD. A l l  these  channels w i l l  b e  operated i n t e r rup t  driven on a 
charac te r  by charac te r  basis .  Since input r a t e s  a r e  very low (SYSTEM 
CONSOLE, 1 o r  2 charfsec in te rmi t ten t ly ;  CALORIMETER TEWERATURE, 10 
c b r a c t e r s  a t  300 BAUD every 10 seconds; SAMPLE WEIGHT, 10  charac te rs  a t  
300 BAUD every experiment) t he  charac te rs  can be processed individual ly  
a s  scheduled tasks.  
The above requirements ind ica te  a minimum CPU of t he  280 c l a s s ,  
operat ing a t  4 MHz. Memo~y requirements are set by the  amount of code 
and da ta ,  but even i f  a s u b s t a n t i a l  port ion of t he  backgroucd tasks  a r e  
BASIC o r  FORTRAN, 65 K bytes should be s u f f i c i e n t  f o r  t he  system needs. 
An ex i s t i ng  FORTRAN program f o r  t he  post processing has  been run i n  less 
than 30K bytes. An in t e r rup t  timer is required t o  d r i v e  t he  A-to-D 
multiplexer and a r e a l  time time-of-day clock should be ava i l ab l e  aga ins t  
which t o  log t h e  da ta ,  a s  w e l l  a s  provide between run cycle  timing. 
Twin 5-ll4" floppy d i sks  w i l l  be required t o  s t o r e  and e d i t  da ta ,  and 
hold system software. A minimal hardcopy u n i t  would be a simple low 
speed 80 column impact p r in t e r .  Graphics capab i l i t y  o r  a p l o t t e r  could 
be used t o  provide post run diagnost ics ,  but is not e s s e n t i a l  f o r  day t o  
day operation. The d isp lay  can be a standard alphanumeric CRT with 
80 character  by 24 l i n e  black and white capabi l i ty .  This can be t he  
system d isp lay  device under non-a81tomat ion conditions.  The so£ tware 
should keep the  operat ing parameters indicated i n  f i gu re  2 a s  w e l l  a s  a 
va r i e ty  of s t a t u s  d i sp lays  running, updated a t  scheduled in te rva les .  
The va r i e ty  of microprocessor systems meeting these requirements includes 
most u n i t s  on t he  market. Since extensive software development is 
The SERIAL I f 0  channels a c simple RS232 ?rotocol  ASCII coded 
channels. Each channel should be capable of any normal FAUD r a t e  be- 
tween 110 and 9600, espec ia l ly  t o  include 300 BAUD, 1200 PAUD and 
9600 BAUD. A l i  these  channels w i l l  be operated i n t e r rup t  dr iven on a 
character  by charac te r  basis .  Since i n p t  r a t e s  are very low (SYSTEM 
CONSOLE, 1 o r  2 charfsec in te rmi t ten t ly ;  CALORIHETER TEMPERATURE, 10 
c m r a c t e r s  a t  300 BAUD every 10 seconds; SAVLE WEIGHT, 10 charac te rs  a t  
300 BAUD every experiment) t he  charac te rs  can be processed individual ly  
a s  scheduled tasks.  
The above requirements i nd i ca t e  a minimum CPU of t h e  280 c l a s s ,  
operat ing a t  4 FlHz. Memory requirements a r e  set by the  amount of code 
and data ,  but even i f  a subs t an t i a l  port ion cf t he  background tasks  a r e  
BASIC o r  -FORTRAK, 65 K bytes  should be s u f f i c i e n t  fo r  the  system needs. 
An ex i s t i ng  FORTRAN program f o r  the  pa r t  processing has  been run i n  l e s s  
than 33K bytes. An i n t e r rup t  timer is required t o  d r i v e  t he  A-to-I! 
multiplexer and a r e a l  t i m e  time-of-day clock should be  ava i l ab l e  aga ins t  
which t o  log t he  data ,  a s  wel l  as provfde between run cycle  timing. 
Twin 5-114" floppy d i sks  w i l l  b e  required t o  stcjre an3 e d i t  da ta ,  and 
hold system software. A minimal hardcopy u n i t  would be a simple low 
speed 80 c o l  impact p r in te r .  Graphics capab i l i t y  o r  a p l o t t e r  could be 
used t o  provide post run diagnost ics ,  but is not e s s e n t i a l  f o r  day t o  
day operation. The display can be a standard alphanumeric CRT with 
80 char by 24 l i n e  black and white capabi l i ty .  This can be  t he  system 
d isp lay  device under non-automation conditions.  The software should 
keep the  operat ing parameters indicated i n  f i gu re  2 a s  w e l l  a s  a va r i e ty  
of s t a t u s  d i sp lays  running, updated a t  scheduled in te rva les .  The var i -  
e t y  of microprocessor systems meeting these requirements includes most 
u n i t s  on t he  market. Since extensive software development is involved 
involved and a t  l e a s t  s i x  p a r a l l e l  p o r t s  and t h r e e  s e r i a l  p o r t s  a r e  
needed, t h e  choice  should b e  made on a b a s i s  of convenience of per- 
i p h e r a l s  and a v a i l a b i l i t y  of  i n t e r r u p t  d r iven  t a s k  schedule6 so f tware  
packages i n  assembly' code. 
'The sof tware  is  a n o n - t r i v i a l  package and beyond t h e  scope of t h i s  
t a s k  t o  develop. However, t h e  b a s i c  f e a t u r e s  can b e  sketched around t h e  
hardware des ign.  I c o r e  i n t e r r u p t  r o u t i n e  t o  s e r v i c e  t h e  A-to-D system, 
t h e  s t epp ing  motor p a r a l l e l  p o r t s ,  t h e  s e r i a l  p o r t s  and t h e  c locks  is 
reqc i red .  This  can b e  vectored,  b u t  a s i n g l e  l e v e l  pol led  s t r u c t u r e  
should b e  adequate.  The foreground program would b e  a scheduled t a s k  
execut ion r o u t i n e ,  which processes  t a s k s  scheduled by t h e  i n t e r r u p t  
r o u t i n e s .  Typical  of such scheduled t a s k s  a r e  (1) Process  ca lo r imete r  
temperature and r e p o r t  d r i f t  s t a t u s ;  ( 2 )  c o l l e c t  c u r r e n t  ape -u re  s i z e  
and f i l t e r ,  and r e p o r t  sample t empera tu re ( s ) ;  (3) change experiment mode 
t o  (a )  i n i t i a l i z e ,  (b)  l e v i t a t i n g ,  (c)  mel t ing,  sample accep tab le ,  (d) 
drop sample, { e )  post  drop process ,  ( f l  end of experiment; (4)  %€quest  
sample weight and thermal shun t  system; (5) process  sample weight;  
(6) r e p o r t  system s t a t u s  of (a)  s h i e l d  temperature,  (b) coa t ing  absor- 
bence, ( c )  induct ion and e-beam power l e v e l s ,  (d)  f i l t e r  i n  use ,  e t c .  
A s  t h e  opera t ing  system is developed, a f u r t h e r  breakdown of t h e  
t a s k  s t r u c t u r e  w i l l  be  poss ib le .  Changes, such a s  t h e  c w r e n t  c a l o r -  
imeter  g a t e  actomation,  may s i g n i f i c a n t l y  a l t e r  opera t ion .  The c u r r e n t  
mechanical t r i p p i n g  of t h e  ca lo r imete r  makes i t  p o s s i b l e  f o r  t h e  com- 
p u t e r  not  t o  monitor t h e  drop d e t e c t o r  and removes cons ide rab le  ccm- 
p l e x i t y  from t h e  sof tware .  The l o s s  i n  g e n e r a l i t y  is not  y e t  c l e a r ,  hu t  
is probably no t  s i g n i f i c a n t  . 
Table 1 presen t s  an  o p e r a t i o n  s c e n a r i o  which d e t a i l s  t h e  o v e r a l l  
p rogress  of a n  automated experiment. With t h e  c o n t r o l s  and moni tors  
descr ibed,  t h e  system w i l l  fo l low and r e p o r t  on each s t a g e  of t h e  ex- 
p e r b e n t  wi thout  o p e r a t o r  in te rven t ion .  The only  o p e r a t o r  a c t i o n  re-  
qu i red  a s  f a r  a s  t h e  c a l o r i m e t e r  system is concerned, w i l l  be  a s imple  
GOIKO GO d e c i s i o n  a t  s t e p  4. S tep  5 can b e  manual o r  inadver tan t  and 
t h e  r e s u l t  w i l l  b e  t h e  same, and process ing wichout f u r t h e r  opera to r  
a c t i o n  w i  11 t a k e  place .  
Th i s  automation scheme expects  d i r e c t  opera to r  a c t i o n  t o  c o n t r o l  
sample processing.  That i s  t o  say,  an o p e r a t o r  w i l l  e x t e r n a l l y  a d j u s t  
induc t ion  power and e-beam power t o  achieve d e s i r e d  r e s u l t s .  It would 
be  p o s s i b l e  t o  inc lude  an a b i l i t y  t o  perform t h e s e  a c t i o n s  under auto- 
mat ic  c o n t r o l ,  b u t  a complete v ideo image ( a t  l e a s t  20 x 20 p i x e l  r e so lu -  
t i o n )  of t h e  c o i l  region should be monitored t o  determine sample s t a b i l i t y ,  
and s e v e r a l  ( a t  l e a s t  th ree )  12 b i t  d ig i t a l - to -ana log  ~ u t p u t s  would be 
requ i red  t o  q t r o l  t h e  induc t ion  power and e-beam power. This  add i t ion-  
a l  complexity would perhaps double t h e  s i z e  of t h e  opera t ing  system 
sof tware ,  and w i l l  r e q u i r e  a processor  %f ive  t i r ~ e s  t h e  i n s t r u c t i o n  c y c l e  
t ime and d a t a  f e t c h  time of t h e  280, i . e . ,  a  Motorola 68000 grade CPU o r  
a minicomputer system. Th i s  is not  a p r o h i b i t i v e  problem, simply one 
which I recommend be  considered a f t e r  t h e  c u r r e n t  system f u n c t i o n s  w e l l .  
Table 1 
OPERATION SCENARIO 
CALORIEETER AUTOMATION I N  "MONITOR MODE 
--Dropped o b j e c t  d e t e c t o r  disarmed ( r a d i a t i o n  g a t e s  a r e  locked c losed)  
--Follow i n i t i a l  d r i f t  
--Notify opera to r  when minimum d r i f t  d a t a  acquired 
SAMPLE LEVITATED, STABILIZED 
--Check f o r  in f luence ,  c o r r e c t  d r i f t  d a t a ,  n o t i f y  o p e r a t o r  
--Monitor induc t ion  power, s a ~ p l c  temperature 
AUXILIARY HEATING ON (ELECV.ON-BEAM) 
--Check f o r  a d d i t i o n a l  h e a t  inpu t ,  monitor s h i e l d s . .  . 
OUTGASSING...SATISFACTORY--ARM OBJECT DETECTOR (OPERATOR DECISION) 
SNIPLE DROPS ( o r  i s  dropped) 
--Object d e t e c t o r  s i g n a l s  
--Induct ion  furnace ,  e-Beam off  
--Gates a c t u a t e  i n  sequence 
--Shield monitored f o r  BAD DROP, GO TO ERROR 
--Dropped o b j e c t  d e t e c t o r  is disarmed 
DATA SYSTDI ACQUIRES A o ,  DETERMINES END OF RUN 
GATES RESET, Visua l  o r  Other Inspec t ion  S a t i s f a c t o r y  
--Thermal shcnt  a c t i v a t e d ,  mass determined 
--Store d a t a  
--Hardcopy r e s u l t s . . .  
--Diactive thermal shunt  
RESTART + GO TO 1 
ERROR 
--Calorimeter thermal shunt ac tua ted  
--Inspection t o  determine f a u l t  
--Gates checked f o r  opera t ion  ... 
RESTART + GO TO 7 
if: - 
- - 
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Fig.  1. Proposed c a l o r i m e t e r  modi f i ca t ions  t o  a l low f u l l  automation.  
top   vie^ is a  d e t a i l  of t h e  main r o t a t i p 0  % r a d i a t i o n  g a t e  assembly. 

